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ABSTRACT 
Was There a Sensory Trade-off in Primate Evolution? The Vomeronasal Groove as 
a Means of Understanding the Vomeronasal System in the Fossil Record. 
 
by 
 Eva Christine Garrett  
 
Advisor: Eric Delson 
 
  
 Primates have remarkable visual adaptations compared to most other mammals, 
long explained as associated with a trade-off with olfaction (smell).  However, as more 
information comes to light on the role of olfaction in primate behavior it becomes 
apparent that olfaction is not a trivial sense. Even humans use smell to communicate, 
albeit in subtle ways, and the olfactory systems of the lemurs and lorises are very well-
developed. Olfaction, however, is actually comprised of two distinct systems – the main 
olfactory and vomeronasal systems. These two systems overlap in many functions, but 
the main olfactory system is considered fairly generalized while the vomeronasal system 
is responsible for detecting odors specifically related to reproduction and predator 
avoidance. The vomeronasal system is incredibly variable in primates, being well-
developed in the lemurs and lorises (strepsirhines) and absent in Old World monkeys and 
apes (catarrhines). Such variation does imply relaxed selection pressure to maintain a 
functional vomeronasal system in catarrhines, perhaps in response to gains in visual 
specialization. The goal of this dissertation is to investigate that evolutionary scenario 
using a multifaceted approach.  
 A combined approach of comparing histology of the vomeronasal organ (the 
peripheral organ of the vomeronasal system) and computed tomography of the cranium is 
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used to reveal variation in the vomeronasal organ across primates and to relate the soft-
tissue organ to hard-tissue correlates.  Indeed, the cartilage that surrounds the soft-tissue 
vomeronasal organ leaves a distinct impression on the nasal floor, which is here termed 
the “vomeronasal groove”.   To assess the utility of inferring biological function from 
gross dimensions of the vomeronasal organ and its groove, vomeronasal organ length is 
compared to the number of genes underlying vomeronasal olfaction. To test whether or 
not the main olfactory system is evolving in tandem with the vomeronasal system, a hard-
tissue correlate of the main olfaction (area of the cribriform plate) is compared to the 
number of genes encoding main olfaction. Results indicate that main olfaction and 
vomeronasal olfaction are affected by evolution differently and that vomeronasal organ 
length when adjusted for body size has a strong statistical relationship with the proportion 
of functional vomeronasal receptor genes across mammals. To test whether or not 
phylogenetic history, ecology, and reproduction strategies affect the evolution of the 
vomeronasal organ in primates, size-adjusted vomeronasal groove length is compared 
across related categories. Mating categories, probably reflecting sexual selection, appear 
to drive variation in vomeronasal groove length in lemurs and lorises, while color vision 
phenotypes appear to drive variation in the tarsiers, monkeys, and apes. The acquisition 
of trichromatic color vision in Old World monkeys and apes is associated with 
vomeronasal organ loss, but trichromatic color vision does not appear to be a primary 
driving force of vomeronasal organ reduction in other primates. The acquisition of high 
visual acuity, rather, appears to affect initial reduction in length of the vomeronasal 
groove in crown haplorhines. Fossils representing various “stages” of primate evolution 
show presence of the vomeronasal groove, and the presence of this groove in the recent 
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ancestors of Old World monkeys and apes suggest that the vomeronasal organ was not 
lost until crown catarrhines (the group containing Old World monkeys and apes) diverged 
from all other primate lineages. High visual acuity, routine trichromatic color vision, 
environments with increased visibility, and changes in social dynamics could have shifted 
the way in which socio-sexual information was perceived in some primates, increasing 
the priority of visual and main olfactory signals over vomeronasal signals. Thus, a strict 
“trade-off” may not have occurred as much as a “reallocation” of sensory information 
from the vomeronasal system to vision and main olfaction.  
   
i
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CHAPTER 1: INTRODUCTION 
Primates are highly visual animals, especially compared to other closely related 
mammals. From the ability to recognize more color variants, the extensive range of facial 
expressions, and the colorful markings of many species it is clear why the primate visual 
system has captured the attention of so many biological anthropologists.  Enhanced 
vision is one of the commonly-cited defining characters of primates, especially 
anthropoids (Cartmill, 1992; Kirk and Kay, 2004). By comparison the olfactory system 
seems unremarkable, especially given the extensive reliance on chemosensation in many 
other mammals. Thus, primates were long considered “microsmatic” (not heavily reliant 
on smell) compared to other mammals such as rodents that were considered 
“macrosmatic” (heavily reliant on smell). In fact, reduced reliance on olfaction is another 
oft-cited synapomorphy of primates, although this appears to be an incorrect assessment 
(Cartmill, 1992; Laska et al., 2000; Smith et al., 2004; Laska et al., 2005; Drea, 2014). 
One of the major trends in primate evolution that is often discussed is the "replacement" 
of olfactory sensitivity by visual specializations like acuity and trichromacy, perhaps in a 
"trade-off" pattern (Elliot-Smith, 1927; Le Gros Clark, 1959; Liman and Innan, 2003; 
Zhang and Webb, 2003; Gilad et al., 2004; Liman, 2006; Nummela et al., 2013).  Also 
called the “visual priority” hypothesis (Nei et al., 2008), the premise is rooted in the 
observation that higher primates, especially those with high visual acuity and trichromatic 
color vision, have reduced neuroanatomical structures related to smell and do not appear 
to rely on olfactory behaviors as much as mammals like rodents or canines. However, 
primate (and broader mammalian) chemosensation and its relationship to vision is far 
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  more complex and deserving of closer study (Laska et al., 2000; Smith et al., 2004; 
Matsui et al., 2010; Charpentier et al., 2013; Drea, 2014). Increased attention to the 
primate olfactory system in the last decade has revealed that chemosensation is far more 
important in primates than previously thought, even in those species with better vision 
(Shepherd, 2004; Heymann, 2006a; Keller et al., 2007; Hoover, 2010; Matsui et al., 2010; 
Charpentier et al., 2013; Drea, 2014). It is necessary in light of this information to test the 
vision-olfaction trade-off hypothesis using a multifaceted approach. Such an analysis 
should combine research on both the morphological and genetic bases of olfaction and 
also include reference to the extensive primate fossil record to test evolutionary 
hypotheses. This dissertation aims to fill that role by focusing on a distinct subsystem of 
olfaction, the vomeronasal system.  
 Mammalian olfaction can be broken up into two anatomically and neurologically 
distinct subsystems, the main olfactory and vomeronasal systems (MOS and VNS 
respectively). Traditional views of these olfactory subsystems hypothesize that they 
perform distinct yet overlapping functions, although there is extensive debate as to the 
extent of overlap (Baxi et al., 2006; Kelliher, 2007; Martínez-García et al., 2009; Fortes-
Marco et al., 2013). The MOS is thought to detect a wide array of volatile odorants, 
including ecological cues (food and predator/prey detection) as well as important 
sociosexual cues (involved in determining sex, relatedness, reproductive phase, etc) 
(Barton, 2006; Kelliher, 2007; Laska et al., 2007b; Hoover, 2010; Charpentier et al., 
2013).  The VNS, on the other hand, is thought to detect largely non-volatile odorants, 
which serve as semiochemicals that can be classified as pheromones (encoding species 
specific socio-sexual information), kairomones (predator detection specific), and 
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  allomones (interspecific odorants that benefit the signaler) (Firestein, 2001; Wysocki and 
Preti, 2004; Papes et al., 2010; Fortes-Marco et al., 2013; Ibarra-Soria et al., 2013).  The 
following sections will review the current literature pertaining to the two olfactory 
subsystems in an attempt to parse out the roles they play in primate communication and 
behavior.  	  
OLFACTION 
 Chemical communication is important in most vertebrates, and appears to have 
been particularly important in mammalian evolution (Hayden et al., 2010; Hoover, 2010; 
Young et al., 2010; Rowe et al., 2011; Jacobs, 2012; Nummela et al., 2013). 
Chemosensation involves both olfaction and gustation, and as discussed above olfaction 
can be broken into at least two categories.  Odorants are the primary molecules that 
convey chemical information, and their structural variation determines their odorous 
properties upon perception.  Odorants also differ in molecular weight, determining 
whether they are volatile (i.e. can travel through the air) or non-volatile. Volatile odorants 
can travel farther and enter the nasal chamber through respiration, while non-volatile 
odorants are stationary and must be actively detected through tongue-flicking or other 
behaviors that introduce the odorant to olfactory or vomeronasal pathways (Wysocki and 
Preti, 2004; Nei et al., 2008; Hoover, 2010; Jacobs, 2012; Charpentier et al., 2013).  
 Odorants have certain benefits over other sensory stimuli, which may explain why 
olfaction is better developed in some mammals. Volatile odorants do not necessarily 
require additional contact with their emitter. Examples are odorous molecules of food 
that a receiver can follow to its source, or odorants of predators that can induce flight 
behavior prior to visual or acoustic contact. Odorants, particularly non-volatiles, can also 
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  be deposited on a surface and can outlast the presence of the emitter. Such signals can 
function to mark territory or deposit other socially relevant information such as 
reproductive status. Signals that do not require visual or acoustic contact could then be 
advantageous for mammals that are nocturnal, widely dispersed, or live in closed 
environments with limited visual scope. Conversely olfaction may not be particularly 
beneficial for mammals that are aquatic, where nasal passages cannot reasonably detect 
odorants and where odorants cannot travel or be deposited.  
 Olfaction mediates a wide variety of behaviors in mammals. Traditionally 
odorants are classified as either volatile or non-volatile, with the assumption that volatile 
odorants convey mostly ecological cues, while non-volatile odorants elicit species-
specific stereotyped behaviors (Stephan et al., 1981; Baron et al., 1982; Hudson, 1999; 
Martínez-García et al., 2009). Abundant research indicates that these are not entirely 
correct assumptions (Hudson, 1999; Lin et al., 2005; Baxi et al., 2006; Kelliher, 2007; 
Martínez-García et al., 2009; Swaney and Keverne, 2009; Hoover, 2010; Charpentier et 
al., 2013). Both volatile and non-volatile odorants can produce stereotyped responses in 
mammals, and both the MOS and VNS seem to mediate socio-sexual behavioral cues. 
This suggests that some degree of overlap exists between the two olfactory subsystems, 
although there is ample evidence as well that each is tuned to particular functions 
(Martínez-García et al., 2009; Fortes-Marco et al., 2013; Ibarra-Soria et al., 2013) (Fig. 
4
	  1.1). 
	  
Figure 1. 1.	  Schematic diagram showing the hypothesized functions of the main olfactory 
and vomeronasal systems and the degree to which they overlap. Size of the circles 
represents the how broadly (large) or finely (small) tuned each system is.	  
 
 The MOS and VNS are anatomically distinct, having separate peripheral sensory 
organs and specialized receptor cells within each system whose receptor proteins are 
encoded by different sets of genes (Doving and Trotier, 1998; Keverne, 1999; Firestein, 
2001; Smith et al., 2004; Evans, 2006; Mundy, 2006; Smith et al., 2007b). Additionally, 
each system projects sensory information to different processing centers in the brain 
(Stephan and Andy, 1964; Scalia and Winans, 1975; Stephan et al., 1981; Baron et al., 
1982; Meisami and Bhatnagar, 1998). This separate wiring of two distinct sensory organs 
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  must at least indicate two separate olfactory systems served an important selective 
purpose throughout mammalian evolution.  
Main Olfactory System  
 The sensory organ of the MOS is the main olfactory epithelium (MOE) lining the 
nasal turbinates of the nasal chamber (Smith et al., 2004; Pihlstrom et al., 2005). 
Olfactory sensory neurons (OSN) found in the MOE express olfactory receptor proteins 
(ORP) and bind to individual odorants. Each OSN sends information to the olfactory bulb 
in the brain, first synapsing on a glomerulus within the olfactory bulb. Glomeruli receive 
input from OSNs expressing a single ORP, so that several OSNs detecting the same type 
of odorant (or sometimes those of similar chemical structure) will activate a glomerulus 
(Young and Trask, 2002; Hasin-Brumshtein et al., 2009; Johnson et al., 2009). 
Effectively, the organization of glomerulus activation patterning by certain odors creates 
an olfactory “map” (Johnson et al., 2009).  Glomeruli then relay information to the 
olfactory cortex (Young and Trask, 2002).  
 The MOE often contains vast numbers of OSNs. In humans the MOE may contain 
as many as 107 individual receptor cells (Hasin-Brumshtein et al., 2009). Each neuron 
expresses a single receptor protein encoded by the large family of G-protein-coupled 
seven transmembrane olfactory receptor (OR) genes (Buck and Axel, 1991; Young and 
Trask, 2002; Hasin-Brumshtein et al., 2009). These genes are expressed in a monoallelic 
fashion, so that for each gene at least two receptor proteins can potentially be expressed 
(Young and Trask, 2002; Hasin-Brumshtein et al., 2009).  Additionally, OSN’s renew 
themselves throughout an animal’s life and “select” single functional ORs to express 
(Rodriguez, 2013).  Selection is based on the transcription of a specific OR gene in a 
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  given OSN and the silencing of all other OR genes to maintain receptor specificity 
(Rodriguez, 2013). Experimental studies have shown that odorant identity is not limited 
to single receptors however, as multiple receptors can be recruited to respond to odorants 
in large quantities (Fortes-Marco, 2013 and references therein). While each receptor is 
optimally tuned to respond to a particular odorant at low quantities, a different receptor 
can respond when the odorant is found at higher concentrations, or the original receptor 
can respond to a different odorant at high enough concentrations.  There is ample 
evidence that the OSNs of the MOS have low specificity, and the MOS is therefore 
broadly tuned.  
Vomeronasal System 
 The VNS has its peripheral sensory organ in the vomeronasal organ (VNO), 
which is a bilateral set of blind-ended epithelial tubes situated at the base of the nasal 
septum (Doving and Trotier, 1998; Keverne, 1999). The VNO was first documented by 
Ruysch (1703) when he observed the structure in a two year old human child (however 
see Bhatnagar and Smith, 2003 for contributions by Kölliker 1877). Ruysch did not name 
the organ and it was later described in detail in domesticated mammals by Jacobson 
(1811, 1813) for whom the organ was named. The terms “Jacobson’s organ” and VNO 
are interchangeable, although VNO is more commonly used in recent literature. The 
VNO typically is composed of two different epithelial types, a sensory epithelium along 
the medial aspect of the organ and a receptor free lateral epithelium. Vomeronasal 
neuroepithelium may express proteins encoded by the distinct V1R and V2R gene 
families (Takami, 2002; Mundy, 2006; Grus et al., 2007; Grus and Zhang, 2008; Young 
et al., 2010; Isogai et al., 2011; Yoder et al., 2014). V1R genes (or their pseudogenes) are 
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  conserved in all mammal lineages, while the V2R genes are predominantly found as 
pseudogenes in most lineages outside of rodents and monotremes (Takami, 2002; Grus et 
al., 2005; Shi and Zhang, 2007; Isogai et al., 2011). However recent findings of intact, 
and presumably functional, V2R genes in strepsirhine primates and possibly tarsiers may 
indicate that V2R genes are still functioning in other mammalian orders (Hohenbrink et 
al., 2013). The receptor neurons of the VNS are distinct from OSNs in that they mainly 
detect non-volatile odorants, although they can respond to volatile odorants as well 
(Fortes-Marco et al., 2013). Vomeronasal sensory neurons (VSNs) appear to have higher 
specificity than sensory neurons of the MOS, such that VSNs only respond to specific 
peptides and can do so at very low concentrations wile a single OSN can respond to many 
different peptides and require higher concentrations (Fortes-Marco et al., 2013).  
Experimental procedures conducted by Martínez-García et al. (2009) and Fortes-Marco et 
al. (2013) indicate that not only are the receptors of the VNS highly specific, but they 
produce behavioral responses by the receiver to odorants at first exposure; i.e., responses 
to odorants via the VNS are innate and often stereotyped – the classic definition of 
pheromonal responses to semiochemicals (Karlson and Luscher, 1959).  
Overlapping Functions and Differential Tuning of the Olfactory Systems 
 As was demonstrated by Fortes-Marco et al. (2013) excellent review, there are 
different patterns of odorant reception and information processing in the MOS and VNS. 
The MOS appears broadly tuned to detect a wide array of odorants using generalized 
sensory neurons, and behavioral responses to odorants detected by ORs (sensu stricto) 
are experience dependent. The VNS is highly specialized and appears to detect odorants 
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  that are specifically involved in mate recognition and detection of predators, producing 
behavioral responses without prior experience.  
 Fortes-Marco et al. (2013) discussed the concept of “olfactory redundancy” and 
its importance in many mammals that rely heavily on smell. While each olfactory system 
appears to be “differentially tuned” to perceive different types of olfactory stimuli, there 
is some overlap in signal detection (Grus and Zhang, 2008) (Fig. 1.1). Namely while 
VSNs are highly specialized and will only bind to specific peptides of odorants, OSNs 
can respond to modified volatile peptides, but only at high concentrations. So while a 
VSN can react to a specific odorant at low concentrations, OSNs can react to a higher 
diversity of odorants if found at higher concentrations. This mechanism could allow 
single odorants that produce innate responses via the VNS to produce similar responses 
in the MOS when the odorant is found in high enough concentrations (Fortes-Marco et 
al., 2013). While this is redundant, Fortes-Marco et al. (2013) suggest that this allows 
important olfactory information to be quickly backed up by both olfactory systems. Per 
their example, major urinary proteins of cats are kairomones of mice, which they detect 
as a volatile chemical via the VNS. As a kairomone, mice produce innate aversion 
responses to these major urinary proteins. The MOS can also detect these major urinary 
proteins, and while the MOS does not produce an innate aversion response, it will be 
conditioned to produce this response building on the already present VNS response. This 
effectively creates a “backup” system in which odorants that have high selective priority 
will produce responses by interacting with both olfactory systems.   
 Despite this redundancy, there is substantial evidence to support the differential 
tuning hypothesis of Grus and Zhang (2008) suggesting that the two olfactory systems 
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  have evolved for slightly different functions. Results from this study (Chapter 4), for 
instance, indicate that the olfactory sensory organs and their corresponding gene families 
respond in different ways to selection and therefore are not directly coupled (Garrett and 
Steiper, 2014). The differences between the two olfactory subsystems deserve further 
attention when addressing primate olfaction, because often both systems are lumped 
together in evolutionary hypotheses addressing sensory adaptations, when main and 
vomeronasal olfaction may indeed need to be treated separately.  	  
CURRENT KNOWLEDGE OF PRIMATE OLFACTION 
 Sensory organs are the primary means by which animals interact with their 
environment, therefore sensory systems will be shaped in large part due to an animal’s 
ecology. Niven and Laughlin (2008) addressed two main criteria that should affect the 
evolution of sensory systems: selection should maximize adaptive behaviors (such as 
feeding, predator avoidance, and mating) and minimize energetic costs. Sensory systems 
should then be tuned to an animal’s niche so that biologically relevant signals are 
detected over less relevant “noise”.  Additionally, not all sensory systems will be equally 
developed depending on which produces the most selectively important response. The 
production and maintenance of neural tissues underlying sensory systems appear to be 
energetically costly, so those systems that are not acted on by selection are likely to be 
underdeveloped or even absent (Niven and Laughlin, 2008; Okawa et al., 2008). Activity 
cycle, substrate, habitat structure, and density of individuals are likely to affect the 
selective benefit of signals used by a species for communication and detection of food 
and predators.  
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   Several studies have looked at variation in the MOS and VNS under different 
ecological conditions. For instance, in a study across mammals, Wang et al. (2010) found 
that the number of functional V1R genes is higher in nocturnal mammals, and 
particularly mammals using nests compared to diurnal species living in more open 
environments. Hayden et al. (2010) found that OR gene expansion and psueodgenization 
can be predicted by mammalian ecotypes, where terrestrial mammals had higher 
percentages of functional OR genes compared to volant and aquatic mammals. 
Additionally, different OR gene families appear to be selected for in different ecogroups, 
suggesting that the biological importance of odorant classes varies across ecological 
niche (Hayden et al., 2010). These studies demonstrate that there is evidence for selection 
on these chemosensory systems in particular ecological niches where odorants are more 
likely to produce adaptive behaviors.  
Genes 
 The genes encoding receptor proteins of both olfactory systems have received a 
great deal of attention in primates, especially as they relate to hypotheses on the trade-off 
between vision and olfaction (Zhang and Webb, 2003; Gilad et al., 2004; Liman, 2006; 
Mundy, 2006; Nei et al., 2008; Matsui et al., 2010; Young et al., 2010; Hohenbrink et al., 
2013; Yoder et al., 2014). The following section will provide a brief review of 
information on OR and V1r genes in primates.  
OR Genes 
 Olfactory receptor genes comprise the largest multigene superfamily in mammals 
and are scattered across most chromosomes (Hayden et al., 2010).  The number of total 
and intact OR genes varies dramatically across species, with rodents (such as rat and 
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  mouse) maintaining over 1000 functional genes and humans maintaining around ~400 
functional versions of our ~800 total OR genes (Young and Trask, 2002; Gilad et al., 
2004; Mundy, 2006; Hasin-Brumshtein et al., 2009). Humans and our close relatives have 
garnered special interest for their large fractions of OR pseudogenes compared to other 
mammals.  
 Gilad et al. (2004), in a study of 100 randomly selected OR genes in 19 primate 
species, noted the relatively large number of OR pseudogenes in routinely trichromatic 
primates such as catarrhines and howler monkeys.  This line of evidence was used to 
argue for the hypothesis that trichromatic vision resulted in reduced reliance on olfactory 
behaviors. However, this was disputed by Matsui et al. (2010) who demonstrated that 
while there is in increase in the fraction of pseudogenes in catarrhines, there are no 
statistical differences in numbers of functional OR genes between catarrhines and 
platyrrhines. Matsui et al. (2010) used a smaller dataset of primate species (n=7) than did 
Gilad et al. (2004), (plus one tree shrew), but they had access to whole genomes, most 
with high coverage. The number of estimated OR gene losses in/along each lineage was 
also estimated, which provided evidence that there was not a stark loss of functional OR 
genes in catarrhines compared to other primates, but that there has been a gradual loss of 
OR genes throughout primate evolution (Go and Niimura, 2008; Nei et al., 2008; Matsui 
et al., 2010). The primate order as a whole also does not seem to have lost a significant 
number of OR genes compared to other mammalian groups (Hayden et al., 2010). 
Hayden et al. (2010) suggested, based on Bayesian analyses of OR gene families and 
ancestral state reconstructions, that primates along with rodents and afrotheres probably 
maintain the primitive number of functional OR genes for mammals. It is unlikely that 
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  there has been a dramatic decrease in reliance on olfaction in all primates, and perhaps 
the variation in reliance on main olfaction within primates is overstated. 
 Studies on human OR gene variation have shown that OR repertoires are highly 
variable even within a single species (Menashe et al., 2003; Nozawa et al., 2007; Hasin et 
al., 2008; Hasin-Brumshtein et al., 2009). On average, humans maintain about 400 
putatively functional OR genes out of ~800 total genes (Young and Trask, 2002; 
Menashe et al., 2003; Gilad et al., 2004; Keller et al., 2007; Nozawa et al., 2007; Go and 
Niimura, 2008; Hasin et al., 2008; Hasin-Brumshtein et al., 2009; Hayden et al., 2010; 
Matsui et al., 2010).  The number of functional variants may vary across populations, 
with Africans putatively expressing more functional genes than non-Africans, though 
some studies indicate no statistically different numbers of genes across ethnogeographic 
populations (Menashe et al., 2002; Gilad and Lancet, 2003; Menashe et al., 2003; Hasin-
Brumshtein et al., 2009; Olender et al., 2012). The specific genes that are functional or 
non-functional do seem to vary, however, and there is even substantial variation between 
individuals (Olender et al., 2012).  
V1R and V2R Genes 
 The vomeronasal receptor genes are expressed in vomeronasal neuroepithelium 
and form the basis of chemosensation in the vomeronasal organ, though some evidence 
suggests these genes can be expressed in main olfactory epithelium (Dulac and Axel, 
1995; Grus et al., 2005; Mundy, 2006; Shi and Zhang, 2007; Young et al., 2010; 
Hohenbrink et al., 2013; Ibarra-Soria et al., 2013). Vomeronasal receptor genes are 
divided into two distinct families, the V1R and V2R receptor genes (Dulac and Axel, 
1995; Grus et al., 2005; Mundy, 2006; Grus et al., 2007; Young et al., 2010; Hohenbrink 
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  et al., 2013; Ibarra-Soria et al., 2013; Yoder et al., 2014). Variation in these genes across 
mammals is extensive, with much variation being species specific (Wang et al., 2010; 
Young et al., 2010; Hohenbrink et al., 2013; Yoder et al., 2014).  
 Several recent studies have increased information about primate variation in 
vomeronasal receptor genes. (Yoder et al., 2014) revealed that representatives of most 
strepsirhine families maintain relatively high percentages of functional V1R genes. 
Species of Microcebus may even have the highest functional percentages of V1R genes 
of all mammals (Young et al., 2010; Yoder et al., 2014). Yoder et al. (2014) even 
identified new subfamilies of V1R genes specific to strepsirhine primates. One of the 
reasons strepsirhines might have such high numbers of functional V1R genes could be 
the maintenance of species barriers through chemosignaling (Yoder et al., 2014).  
 In addition to an extensive V1R gene repertoire in strepsirhines, Hohenbrink et al. 
(2013) found that at least two putatively functional V2R genes are expressed in several 
species of strepsirhines; these were thought to be pseudogenes in all mammals other than 
platypus and some rodents (Young and Trask, 2007). In addition to the presence of V2R 
genes with open reading frames, these genes also appear to be transcribed in VNO tissues 
in Microcebus (Hohenbrink et al., 2013). The presence of such high numbers of V1R 
genes and putatively functional V2R genes supports the consensus that strepsirhine 
primates rely fairly heavily on vomeronasal-mediated olfaction.  
 In haplorhines both V1R and V2R genes are present, though there are higher 
fractions of pseudogenes. In Tarsius and Callithrix, for instance, a little over half of V1R 
genes are inferred to be nonfunctional (Young et al., 2010; Yoder et al., 2014). In 
catarrhines even fewer V1R genes appear to be functional. Based on data from Young et 
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  al. (2010), catarrhines sampled contain at least 75% V1R pseudogenes. Notably, all V1R 
genes are pseudogenes in Gorilla and Macaca (Young et al., 2010; Yoder et al., 2014).  
In tarsiers only one of two identified V2R genes is presumed functional, and both genes 
are pseudogenized in anthropoid primates (Hohenbrink et al., 2013).  
 In addition to studies on the vomeronasal receptor gene repertoires in primates, 
several studies have looked at genes controlling ion-cation channel functions that are 
important in pheromone signaling (Liman and Innan, 2003; Zhang and Webb, 2003; 
Mundy, 2006; Cai and Patel, 2010). The TRPC2 gene, which is part of the transient 
receptor potential gene family, is of interest because it is a pseudogene in catarrhines but 
is putatively functional all other primates (Liman and Innan, 2003; Zhang and Webb, 
2003; Cai and Patel, 2010). Liman et al. (1999) revealed that TRPC2 proteins are highly 
expressed in the VNO and localized in microvilli of VSNs. Knockout studies have shown 
that functional TRPC2 are necessary for pheromone detection in rodents, providing 
strong evidence for its importance in VNO function (Liman and Dulac, 2007).   
 Liman and Innan (2003), in their study of TRPC2 genes in primates, looked at the 
rates of synonymous and non-synonymous substitutions in order to measure selective 
pressure on this gene. They found evidence for purifying selection in lemuriforms and 
reconstructed nodes representing the common ancestor of anthropoids and New World 
monkeys. Their results implied that there was selection on the TRPC2 genes in these 
groups, which would support the importance of VNO-mediated behaviors (Liman and 
Innan, 2003). Interestingly, Liman and Innan (2003) found evidence for relaxed selection 
within the platyrrhine lineage, which would have happened relatively recently in 
evolutionary time. The authors speculated that the VNO of some New World monkeys 
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  may be non-functional or redundant based on this information, which is in line with 
recent findings on the VNO of Saguinus tamarins (Liman and Innan, 2003; Smith et al., 
2011a). Evidence for relaxed selection was also found for the common ancestor of 
catarrhines, which the authors attributed to color vision signals replacing pheromonal 
cues (Liman and Innan, 2003). The fact that the catarrhine TRPC2 gene is pseudogenized 
provides further evidence that the VNO is nonfunctional in this group of primates.        
The Vomeronasal Organ in Primates 
 The VNO is present in most mammals, though its presence and structure is highly 
variable in bats and primates (Wible and Bhatnagar, 1996; Smith et al., 2007b). The VNO 
is part of a larger vomeronasal complex (Cooper and Bhatnagar, 1976) which also 
includes the presence of the vomeronasal duct, mucous glands, paravomeronasal ganglia, 
vomeronasal blood vessels and nerves, an associated cartilage surrounding the VNO, and 
an accessory olfactory bulb with an intact central neural pathway (Bhatnagar and 
Meisami, 1998). Functionality of the VNO can be confirmed using immunohistological 
techniques, in which antibodies are administered to tissues to determine sensory neuron 
activity. Reactivity to antibodies of two protein markers, growth-association protein 43 
(GAP-43) and olfactory marker protein (OMP), has been shown to determine the 
maturation (and putative functionality) of vomeronasal sensory neurons in rodents and 
other mammals (Farbman and Margolis, 1982; Weiler and Benali, 2005; Ishii and 
Mombaerts, 2011).  The phylogenetic distribution of the VNO and its structure will be 
discussed in further detail in Chapter 3, but this section will provide a brief overview.  
 All strepsirhines appear to display VNO morphology typical of other mammals in 
which all components of the vomeronasal complex are present and fully functional 
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  (Schilling, 1970; Jordan, 1972; Loo and Kanagasunteram, 1972; Taniguchi and 
Mochizuki, 1982; Salazar et al., 1996; Doving and Trotier, 1998; Carmanchahi et al., 
1999; Keverne, 1999; Weiler et al., 1999; Takami, 2002; Göbbel et al., 2004; Smith et al., 
2005; Garrett et al., 2013; Smith et al., 2014). Tarsiers and most platyrrhine species 
display a unique VNO morphology in which the VNO lumen is lined with only sensory 
epithelium (Smith et al., 2002; Smith et al., 2003b; Smith et al., 2003c; Smith et al., 
2011a; Smith et al., 2011b). This is most likely the ancestral condition for crown 
haplorhines. Another organization of VNO epithelium is present in some tamarins, 
primarily of the genus Saguinus and potentially Leontopithecus. In these genera sensory 
epithelium surrounds the entire lumen, but is interrupted by non-sensory epithelium 
(Smith et al., 2003b; Smith et al., 2011b; Smith et al., 2011c). Whether or not this 
distribution of epithelium affects function is unknown, although there is some evidence 
that Sagunius tamarins do not have a functional VNO.  Smith et al. (2011a) found that 
Saguinus VSNs did not express OMP, a marker of terminally differentiated olfactory 
neurons (Farbman and Margolis, 1980). The paucity of olfactory marker protein 
expressed in Saguinus VSNs may mean that these sensory neurons do not become fully 
mature, which may affect the functionality of VNO in this genus.  
 Catarrhines do not appear to have a functional VNO. Based on histological 
studies, the VNO lumen is variably present as a vestige in apes and may only contain 
respiratory epithelium (Roslinski et al., 2000; Bhatnagar and Smith, 2001; Smith et al., 
2001; Smith et al., 2002; Bhatnagar and Smith, 2003). In Old World monkeys, signs of a 
VNO are not present at all (Bhatnagar and Smith, 2006). In addition to lacking the 
functional components of a VNO, catarrhines do not have an accessory olfactory bulb, 
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  which is part of a functional VNS (Meisami and Bhatnagar, 1998). Together with high 
rates of V1R pseudogenes and a non-functional TRPC2 pathway, available evidence 
points toward a loss of a functional vomeronasal system in crown catarrhines.  
Olfaction and Behavior in Primates 
 Despite long held assumptions that primates do not rely heavily on olfaction, 
there is increasing evidence that chemosignaling plays an important biological role across 
the order. This section provides a brief review of the literature covering the role of 
olfaction in primate behavior. 
 Chemosignaling in strepsirhines and platyrrhines is well established (Schilling, 
1970; Smith and Abbott, 1998; Washabaugh and Snowdon, 1998; Laska et al., 2000; 
Campbell, 2003; Miller et al., 2003; Di Fiore et al., 2006; Heymann, 2006a, b; Lewis, 
2006; Mertl-Millhollen, 2006; Wolovich and Evans, 2007; Hirano et al., 2008; Hoover, 
2010; delBarco-Trillo et al., 2011; Drea, 2014). Behavioral studies under lab conditions 
have demonstrated that mouse lemurs (Aujard, 1997) and lorises (Fisher et al., 2003) can 
discriminate individuals by odor alone and that vomeronasal-mediated olfaction is 
important in reproductive behavior. Reports of chemosignaling behavior from these 
animals under natural conditions also lend convincing support to the importance of the 
olfactory systems in mediating social and sexual interactions (Schilling, 1979; Perret, 
1995; Lewis, 2006). Chemosignaling through scent marks is documented for a number of 
platyrrhines (Dobroruka, 1972; Eisenberg and Kleiman, 1972; Epple, 1972, 1974; Milton, 
1975; Boinski, 1987; Smith et al., 1997; Washabaugh and Snowdon, 1998; Bicca-
Marques, 2003; Di Fiore et al., 2006; Heymann, 2006b; Campos et al., 2007), complex 
scent glands are described for most species (Wislocki, 1930; Dixson, 1998), and use of 
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  scent marks is thought to play some role in mating competition (Heymann, 2003; Miller 
et al., 2003; Saltzman, 2003; Wolovich and Evans, 2007).  
 There is mounting evidence that catarrhines also use olfaction in non-trivial ways 
to communicate. Setchell and colleagues have demonstrated that mandrills use odor to 
discriminate between individuals and that this possibly helps determine mate quality 
(Setchell et al., 2010; Setchell et al., 2011). Charpentier et al. (2013) also documented 
flehmen-like responses in mandrills, which is a behavior commonly seen in mammals 
that must actively draw odorants into a VNO. However it is unlikely that mandrills 
possess a functional VNO as adults, thus flehmen-like behavior does not necessarily 
imply vomeronasal-mediated olfaction. Mandrills do have sternal scent glands which 
they use to scent-mark (Feistner, 1991). Another behavior potentially related to olfaction 
in Old World monkey is incidence of the Bruce Effect in gelada baboons. In a study by 
Roberts et al. (2012) spontaneous abortions were observed in relatively high frequencies 
when new males took over a group. This phenomenon is observed in rodents and is 
largely mediated by the olfactory systems, and it is likely that olfaction may play some 
role in the onset of the Bruce Effect in geladas as well (Bruce, 1959; Roberts et al., 
2012). 
 Some olfactory behavior has been observed in apes, though most studies have 
been with captive animals or are based largely on anecdote (Hepper and Wells, 2012; 
Klailova and Lee, 2014). Due to increased interest and advanced methodologies, more 
information on ape olfaction is coming forward. For instance, Klailova and Lee (2014) 
recently demonstrated that gorillas may be able to mediate the intensity of their odors as a 
signal to maintain group structure and warn of rival troops. Ample evidence also exists 
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  for olfaction-mediated behaviors in humans. It appears that humans can discriminate 
identity and relatedness based on olfactory cues, and that olfaction mediates behaviors in 
many ways (Shepherd, 2004; Wysocki and Preti, 2004; Hoover, 2010). For instance, 
regularly cycling women frequently find odors of more distantly related males, based on 
major histocompatibility complex (MHC) genotypes, more attractive than males with 
more similar MHC profiles and similar odors (Wedekind et al., 1995). Androstenones 
and other testosterone derivatives may also affect mood in females (Grammer, 1993; 
Pause, 2004; Wysocki and Preti, 2004; Grammer et al., 2005). Olfaction also seems to 
play important roles in mother-infant bonding, with young infants producing a “new baby 
smell” which has addiction-like effects on new mothers (Lundström et al., 2013). There is 
even some evidence that, with the advent of perfumes, humans are not covering up and 
eliminating their own personal odors but choosing fragrances that enhance them 
(Lenochová et al., 2012).  
 Along with behavioral evidence of chemosignaling in primates, there is little 
evidence that primates have a poor sense of smell in comparison to other mammals in 
terms of olfactory sensitivity and odor discrimination. Laska has done much research in 
this area and demonstrated that anthropoids can detect odors at similar thresholds as other 
“macrosmatic” mammals (Laska et al., 2000; Laska et al., 2005; Laska et al., 2007a). A 
more recent paper determined that humans can distinguish millions (possibly one trillion) 
different odorants (Bushdid et al., 2014). The concept of microsmia in primates, even 
catarrhines, seems to be unfounded (Laska et al., 2000; Smith et al., 2004; Hoover, 2010; 
Setchell et al., 2010; Charpentier et al., 2013; Drea, 2014).  
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  SENSORY TRADE-OFF 
The idea of a trade-off between vision and smell in primates is old, dating back to 
at least Elliot-Smith (1927) and Le Gros Clark (1959). The presumption that primates 
have reduced their reliance on olfaction, especially as it relates to their anatomy, draws 
largely from comparisons with eulipotyphlan mammals (previously the Insectivora or 
insectivores) (Stephan et al., 1981). The eulipotyphlans are probably not ideal 
representatives for the primitive condition of mammalian sensory systems as their visual 
and olfactory systems appear to be highly derived (Martin, 1990; Heritage, 2014).  
However, this idea of sensory trade-off and “visual priority” in primates is not entirely 
unfounded. At least in anthropoid primates, the visual system is highly specialized while 
the olfactory organs are either reduced (compared to other mammals) or absent.  High 
rates of both olfactory and vomeronasal receptor pseudogenes in anthropoids, especially 
catarrhines, are often invoked as evidence for an evolutionary trade-off with the 
acquisition of trichromatic color vision.  
Within mammalian evolution this type of trade-off is not unique. For instance, 
during the early radiation of placental mammals, when most taxa are presumed to have 
been nocturnal, there was a significant diversification in OR gene families along with the 
loss of two primitive classes of opsin genes found in other trichromatic or tetrachromatic 
vertebrate classes (RH2, which is sensitive to the middle wave class, and SWS2, which is 
sensitive to the short wave class) (Kishida, 2008). Another compelling example for 
sensory trade-off comes from fruit bats. In some obligate cave-roosting species, the 
SWS1 opsin gene has been lost, rendering them color-blind, which likely coincides with 
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  the acquisition of their highly specialized form of echolocation in light-poor 
environments (Zhao et al., 2009).   
Sensory systems are relatively costly when in use and at rest, therefore an animal 
has a limited amount of energy to disperse to different sensory organs (Niven and 
Laughlin, 2008).  Selection should act to maintain sensory systems that increase survival 
and reproductive success, while sensory systems that do not affect fitness to the same 
degree may be subject to relaxed selection. There is some evidence that size of sensory 
organs reflects their overall neural importance and use, so larger organs should be those 
that require more energy and are under positive selection, while smaller or absent organs 
are of less selective importance (Nummela et al., 2013). This concept of energy 
limitations has been proposed as an explanation for the hypothetical trade-off between the 
gut and brain during human evolution- the “expensive tissue hypothesis (Aiello and 
Wheeler, 1995) (however see Navarrete, et al., 2011 for a critique). It is feasible that the 
maintenance of more than one “expensive” sensory system to detect similar stimuli is too 
costly, especially if functions of these systems overlap to the point of redundancy. 
During primate evolution, relaxed selection on olfaction in favor of higher visual 
acuity is hypothesized to have occurred once strepsirhines and haplorhines diverged, 
particularly in the VNS (Smith et al., 2007b). Chemical communication was likely 
important early in primate evolution, as with other placental mammals, and possession of 
a fully functional VNS is thus likely primitive for the order. The common ancestor of all 
haplorhines would have also possessed a functional VNS, since it is still present in 
platyrrhines and tarsiers, although it may have been reduced based on anatomical and 
genetic data (Rossie and Smith, 2007; Smith et al., 2007b; Smith et al., 2011a; Smith et 
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  al., 2011b; Smith et al., 2011c; Garrett et al., 2013; Hohenbrink et al., 2013; Yoder et al., 
2014). With adoption of a diurnal activity pattern in early haplorhines, visual signals 
would have become more important for feeding, predator detection, orientation, and 
communication under more photopic conditions. Haplorhines do present a number of 
derived features related to diurnal visual acuity to the exclusion of the strepsirhines, 
including loss of a tapetum lucidum, increase in overall eye size, a macula lutea, and a 
retinal fovea with high cone densities (Kirk and Kay, 2004). Anthropoids exhibit further 
specializations, namely the presence of some form of trichromatic vision (Jacobs, 1996; 
Jacobs et al., 1996; Regan et al., 2001a; Bowmaker, 2008). The seemingly inverse 
relationship between trichromatic vision and importance of VNO-mediated olfaction has 
been used to support the sensory trade-off hypothesis, though this relationship may not be 
as clear.  Primate trichromacy is facilitated by the expression of three distinct cone opsins 
that are tuned to different wavelengths of light. Almost all primates possess a short wave-
length opsin (S) that is found on the autosomes. On the X chromosomes are either a 
medium (M) or long (L) wavelength opsin. Dichromats will typically express the S opsin 
and one of the M/L opsin types, while trichromats express all three. Some nocturnal 
primates are monochromatic, only expressing the M or L opsin. Strepsirhines were long 
considered either dichromatic or monochromatic, but recent genetic and behavioral data 
reveal opsin polymorphisms (or at least the probability of polymorphisms) that would 
allow some female strepsirhines trichromatic vision (Tan and Li, 1999; Veilleux and 
Bolnick, 2009).  Platyrrhines present sexual trichromacy in most species (aside from 
Alouatta which is routinely trichromatic, and Aotus which is fully color blind) due to a 
polymorphism for the M/L opsin gene on the X chromosome (Regan et al., 2001a). 
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  Female New World monkeys that are heterozygous at this locus are capable of 
trichromatic vision, whereas males and homozygous females are dichromatic. Catarrhines 
are routinely trichromatic due to a duplication of the M/L opsin gene on the X 
chromosome, and it is evident that color signals play a large role in catarrhine behavior 
(Dixson, 1983; Jacobs, 1996).  
If there was a trade-off between the visual and olfactory systems in primate 
evolution, it may have occurred in two general steps. Based on the maintenance of 
functional olfactory systems in strepsirhines, it is unlikely that the divergence of the 
primate lineage lead to reduced reliance on olfaction. The first stage of relaxed selection 
on olfaction, particularly on the VNS, probably occurred when haplorhines diverged from 
the more primitive strepsirhines. A second stage of relaxed selection on the VNS would 
have occurred when the catarrhine lineage diverged from other anthropoids. Based on 
parsimony the catarrhine common ancestor likely possessed a VNS similar to what is 
seen in platyrrhines, but the VNS may have been further reduced when some catarrhines 
became more terrestrial (Dixson, 1983; Rossie, 2005). Replacement of Old World dense 
tropical forests by more open deciduous woodlands during the early Miocene may have 
allowed for more efficient visual signaling, rendering VNO-mediated olfaction redundant 
to some visual cues such as female sexual swellings (Dixson, 1983).  
  
HARD TISSUE CORRELATES OF THE VNO AND THE FOSSIL RECORD 
 Currently the evolutionary scenario outlined above is not easily testable in the 
fossil record due to the soft tissue nature of the VNS. Hard tissue indicators of the VNO 
are therefore necessary to understand VNO-mediated olfaction in primate evolution. A 
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  few osteological indicators of a VNO/VNS have been proposed, although they are 
indirect. Rosenberger and Strasser (1985) proposed that the considerable gap between the 
upper central incisors may be an indicator of “anatomical strepsirhinism” and chemical 
communication in fossil adapiforms. In extant strepsirhines, a relatively wide interincisal 
gap is present and may facilitate the movement of non-volatile stimuli from the external 
rhinarium into the VNO (Rosenberger and Strasser, 1985; Asher, 1998). Asher also 
suggested that a relatively large and complex nasal fossa can be a reliable indicator of 
pheromonal communication (Asher, 1998). Rossie (2005) has suggested the presence of 
an atrioturbinal ridge as an indicator of a VNO that can be found in some fossils. A 
cartilaginous atrioturbinal is present in extant strepsirhines and platyrrhines and appears 
to function in directing chemical stimuli superiorly into the olfactory region of the nasal 
fossa, or inferiorly into the VNO (Rossie, 2005). This feature is not present in crown 
catarrhines and may have been lost when dramatic reduction of the VNO occurred 
(Rossie, 2005). Although the cartilaginous turbinal does not fossilize, the atrioturbinal 
ridge supporting the atrioturbinal is osseous and observable in some fossil specimens 
(e.g. Aegyptopithecus, Kalepithecus, Limnopithecus evansi) (Rossie, 2005).  
 While the interincisal gap, a large nasal fossa, and presence of an atrioturbinal 
ridge may offer compelling indirect evidence of a VNO in some fossil primate crania, 
these features are not directly indicative of VNO presence or morphology. An 
osteological feature that may provide more direct empirical information about the VNO 
in primates is the vomeronasal groove (VNG), which is formed on the anterior portion of 
the nasal “floor” (posterior and slightly medial to the incisive fossa) by contact with the 
vomeronasal cartilage (Smith et al., 2011b; Garrett et al., 2013). The vomeronasal 
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  cartilage surrounds the VNO and extends the length of the organ (Smith et al., 2001; 
Smith et al., 2011b; Garrett et al., 2013). The contact between the inferior portion of the 
VNC and the maxilla leaves a trough-like groove on the bony nasal floor. Hillenius 
(2000) described a similar groove found in other mammals, as have some anatomists 
when describing the cranial anatomy of fossil stem mammals (Broom, 1930; Cluver, 
1971; King, 1981; Duvall et al., 1983; Maier et al., 1996). However the relationship of 
the VNG to the dimensions of the VNO has not been formally explored in primates, or to 
the author’s knowledge in any other mammals. If the osseous VNG is a reliable direct 
indicator of VNO presence/absence in primates and reflects the gross dimensions of the 
organ, this feature could be of use in more directly addressing questions of VNO 
evolution in the primate fossil record. 
 
OBJECTIVES   
 The primary goal of this dissertation is to establish the usefulness of the VNG as 
an osteological proxy for the VNO in primates. Because the VNG has the potential of 
fossilization it can provide evidence of a VNO in extinct species, which will allow for 
testing hypotheses on the timing and context of VNO loss in some primate lineages. This 
also has implications for studying the putative trade-off between vision and olfaction (or 
at least VNO-mediated olfaction) in primate evolution. This study will implement the use 
of histological and x-ray computed tomography (CT) data to analyze the VNO and VNG, 
as well as genetic and socio-ecological data.   
 
RESEARCH CHAPTER SUMMARIES 
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   This first part of this study (Chapter 3) will address variation in the primate VNO 
using serial histological sections of adults and fetal/neonatal specimens. Data presented 
for some species are novel, as the basic epithelial organization has not been described in 
the literature. In this chapter the relationship between the soft-tissue VNO and the hard 
tissue surrounding it will also be quantified. Notably, the length of the VNO has a 
statistically significant positive relationship with the VNG. These results provide 
evidence that the VNG is an appropriate osteological proxy for gross linear 
measurements of the VNO. 
 Chapter 4 addresses the relationship between the sizes of the sensory organs of 
the olfactory systems and their corresponding gene families. Because the olfactory and 
vomeronasal receptor genes are the molecular basis for main and VNO-mediated 
olfaction, it stands to reason that gene family size will affect sensory organ size.  
Phylogenetically corrected regression analyses were performed to determine the 
relationship between area of the ethmoid containing the cribiform plate (a proxy for the 
MOE), and the number of total and intact OR genes; and the relationship between VNO 
length and the number of total and intact V1R genes. Additionally, tests were performed 
to determine if variables of the MOS and VNS were significantly related. Results indicate 
that there is a strong relationship between absolute size of the ethmoid area and total 
number of OR genes, and a strong relationship between VNO length adjusted for body 
size and the proportion of intact V1R genes across mammals. The absence of statistically 
significant relationships between variables of the VNS and MOS are interpreted to 
support the hypothesis that each system is differentially tuned. The strong relationship 
between size-adjusted VNO length and the proportion of V1R genes provides evidence 
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  that length of the VNG can be applied in analyses of the VNS in primates, and potentially 
other mammals.  
 Chapter 5 addresses the relationship of the VNS to socio-ecological variables and 
life history in primates. To test the hypothesis that the VNS is affected by socio-
ecological variables, phylogenetic statistical methods were implemented by comparing 
size-adjusted VNG length to primate activity cycles, mating systems, color vision 
categories, and life history variables. Results imply that activity cycle has little effect on 
size-adjusted VNG length when phylogeny is accounted for, while mating system, color 
vision phenotypes, and certain life history variables have significant effects in some 
groups of primates. Sexual selection likely strongly effects selection on the VNS in 
strepsirhines, while color vision phenotype affected relaxed selection on the VNS in 
haplorhines. 
 Chapter 6 addresses the hypothesis that there has been a trade-off between vision 
and olfaction in primate evolution, specifically in relation to the acquisition of 
trichromacy. This study addresses the need to decouple the MOS and VNS in such 
analyses, and uses data on ethmoid area and VNG length as proxies for each system in 
relation to primate color vision phenotypes. Data from this analysis indicate that there is 
little effect of trichromacy on the MOS, while there is a strong negative relationship 
between size-adjusted VNG length and trichromatic color vision. It is likely that high 
visual acuity and male trichromatic vision in catarrhines lead to relaxed selection on the 
VNS with eventual VNO loss in this clade. 
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  CHAPTER 2: MATERIALS AND METHODS 
The vomeronasal organ (VNO) is a soft tissue structure and therefore cannot be 
directly observed in the fossil record. In order to gain perspective into the evolution of the 
VNS, assessments of the VNO in extinct taxa must be made by finding hard tissue 
correlates of the vomeronasal system (VNS) in extant taxa (Broom, 1930; Cluver, 1971; 
King, 1981; Duvall et al., 1983; Maier et al., 1996; Hillenius, 2000). A two-step approach 
will be applied to understand the relationship between the soft tissue VNS and the hard 
tissue vomeronasal groove (VNG), so that fossils may be included in studying the 
evolution of the primate VNS. Histology will be employed to visualize and test the 
relationship between hard and soft tissue in extant primates, while computed tomography 
(CT) will be used to observe and quantify the VNG in a larger cranial sample of extant 
taxa and then to develop a correlation which can be applied to fossils.   
HISTOLOGY  
 Histology is a destructive method but allows for the visualization of different 
tissue types in relatively fine detail in combination with light microscopy.  Research on 
the mammalian VNO is most commonly performed using histological serial sectioning 
following a well-established protocol that will be followed here (Jacobson 1811; Negus 
1958; Hunter et al. 1984; Keverne 1999; Hillenius 2000; Smith et al. 2001; Smith et al. 
2001; 2003; Smith et al. 2002a,b; 2005; Bhatnagar and Smith 2003; 2006; Smith et al. 
2004; Smith et al. 2007). Using these methods will allow for the visualization of epithelia 
that comprise the VNO, its surrounding cartilage and the bony matrix with which the 
VNC comes into contact. Micrographs (photographs of serial histological sections) can 
also be quantified using digital measuring tools.    
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   Because histological methods are destructive and access to primate cadaveric 
specimens are rare, I will be using materials collected and sectioned for previous studies, 
which have been provided by T.D. Smith (TDS) and W. Maier (WM) (Table 2.1). Data 
collected by Smith and Maier followed methods outlined in detail in prior studies (Maier, 
1980; Smith et al., 2001; Smith et al., 2003b; Smith et al., 2003c; Smith et al., 2005; 
Smith et al., 2007a; Smith et al., 2011a; Smith et al., 2011b; Garrett et al., 2013; Smith et 
al., 2014). For much of the data preparation by Smith and colleagues, one half of the 
nasal chamber from each specimen was removed from the cadaver by dissection. 
Specimens were then decalcified using a formic acid-sodium citrate solution and 
embedded in paraffin wax in preparation for serial sectioning. Using a rotary microtome, 
specimens were sectioned serially in the coronal plane with slices measuring about 10μm. 
Sections were stained using hematoxylin-eosin and Gomori trichrome dyes alternately to 
visualize different tissue types. Slides were visually inspected using light microscopy and 
then photo-archived using a photomicroscope.  Fetal specimens sectioned by Maier were 
largely embedded in cellodin after decalcification and sectioned in the coronal plane at 
varying thicknesses. Slides were inspected using an Olympus BH-2 light microscope and 
photoarchived by E. Garrett using a Canon EOS 600D camera. 
 A challenge associated with histology is the potential distortion of fine anatomical 
structures. DeLeon and Smith (2014) addressed this issue noting that dorsoventral 
compression, localized bone damage, and inconsistencies in the plane at which specimens 
are sliced can occur. Tissue distortion is largely attributed to specimen preparation in 
which tissues are dehydrated due to decalcification, and the subsequent acts of 
embedding tissues in paraffin and slicing using a microtome may cause minor bone 
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  damage (DeLeon and Smith, 2014). Additionally the sensitivity of the microtome to 
minor movements may affect the plane in which the specimen is sliced, which can lead to 
incongruities in directly comparing histologically prepared specimens to those that have 
been CT-scanned (DeLeon and Smith, 2014). These artifactual changes appear to occur 
more in thin compared to dense tissues (DeLeon and Smith observed more tissue 
distortion in nasal turbinates), and soft tissues of the nasal fossa (such as the VNO) may 
not be significantly distorted due to protection by more dense bones (Menache et al., 
1997; Craven et al. 2007).  Thus, while distortion of soft tissues and bone from 
histologically prepared specimens is a consideration, it is unlikely to have a significant 
effect on data collection in this study. 
COMPUTED TOMOGRAPHY  
High resolution X-ray computed tomography (CT) is an ideal method for the 
visualization and virtual reconstruction of internal nasal structures for extant and extinct 
taxa. CT acquires multiple views of objects in multiple angular orientations which 
produces multidimensional data (Ketcham and Carlson, 2001). Two-dimensional “slices” 
are created by these data that approximate a section of the scanned object along a single 
plane (Ketcham and Carlson, 2001). Individual slices can be viewed as serial sections to 
visualize morphology while multiple slices can be “stacked” to produce a three-
dimensional rendering (reconstruction) of the scanned specimen.  Three-dimensionally 
rendered specimens can be virtually “dissected” to analyze only the morphology of 
interest, and volumetric data can be collected.  Materials also do not have to be destroyed 
to view these internal structures (as is necessary in histological serial sectioning), so a 
larger number of specimens can be included in the sample. Because CT scanning is both 
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  non-destructive and non-invasive, it is also ideal for fossil material.   
A large sample of CT data was provided by colleagues (Table 2.2), and new 
specimens were chosen from the Mammalogy department at the American Museum of 
Natural History (AMNH) and scanned at the museum’s Microimaging Facility (Table 
2.2).  A GE phoenix v|tome|x s240 system was used to collect these CT data. Large 
specimens were scanned using a micro-focus, 240kv x-ray tube which reaches a 
resolution of 15 micrometers, and smaller specimens and fossils were scanned using a 
nano-focus, 180kv x-ray tube which can reach a resolution below 10 micrometers. A 
0.1mm copper filter was used for most scans.  
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Table 2. 1.	  Extant sample used for this study 
Species Specimen Number Data Type Source 
Strepsirhini       
Arctocebus calabarensis USNM 511930 CT JBR 
Avahi laniger USNM 83650 CT JBR 
Cheirogaleus medius CM1 Histo TS 
Cheirogaleus medius CM2 Histo TS 
Cheirogaleus medius AMNH 196618 CT WM 
Cheirogaleus major AMNH 100640 CT 	  Eulemur macaco AMNH 100606 CT 	  Eulemur macaco AMNH 100531 CT 	  Eulemur mongoz AMNH 100608 CT 	  Euoticus elegantulus AMNH 23651 CT 	  Daubentonia 	   Histo WM Galago moholi P2013 Histo TS 
Galago moholi USNM 367849 CT JBR 
Hapalemur griseus USNM 83667 CT JBR 
Hapalemur griseus AMNH 100823 CT 	  Hapalemur griseus AMNH 170682 CT 	  Indri indri 	   CT 	  Indri indri AMNH 185638 CT 	  Lemur catta LC1 Histo TS 
Lemur catta USNM 083963 CT JBR 
Lemur catta AMNH 170737 CT 	  Lemur catta 	   Histo WM Lemur catta neonatus Maier Histo WM 
Lepilemur mustelinus AMNH 100616 CT 	  Lepilemur mustelinus AMNH 100820 CT 	  Lepilemur mustelinus AMNH 170585 CT 	  Lepilemur mustelinus AMNH 100642 CT 	  Lepilemur mustelinus 	   Histo WM Loris tardigradus Lt1 Histo TS 
Microcebus murinus P844 Histo TS 
Microcebus murinus P1845 Histo TS 
Microcebus murinus P859 Histo TS 
Microcebus murinus P1180 Histo TS 
Microcebus murinus P1462 Histo TS 
Microcebus murinus P1511 Histo TS 
Microcebus rufus USNM 328789 CT JBR 
Microcebus murinus AMNH 174535 CT 	  Microcebus murinus AMNH 174456 CT 	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  Mirza coquereli Mc1b Histo WM 
Mirza coquereli AMNH 100832 CT 	  Nycticebus coucang USNM 84390 CT JBR 
Nycticebus pygmaeus AMNH 87282 CT 	  Otolemur crassicaudatus P2789 Histo TS 
Otolemur crassicaudatus P2802 Histo TS 
Otolemur crassicaudatus P2882 Histo TS 
Otolemur crassicaudatus P2845 Histo TS 
Otolemur crassicaudatus P2855 Histo TS 
Otolemur crassicaudatus USNM 399060 CT JBR 
Otolemur garnetti P8869 Histo TS 
Otolemur garnetti P5681/P5861 Histo TS 
Otolemur garnetti P8834 Histo TS 
Otolemur garnetti P8860 Histo TS 
Otolemur garnetti P517 Histo TS 
Otolemur garnetti P8813 Histo TS 
Otolemur garnetti P8859 Histo TS 
Otolemur garnetti P8862 Histo TS 
Perodicticus potto Potto 1 Histo TS 
Perodicticus potto USNM 439101 CT JBR 
Phaner furcifer AMNH 100829 CT 	  Propithecus 	   Histo WM Propithecus diadema USNM 63448 CT JBR 
Propithecus verreauxi AMNH 170467 CT 	  Varecia variegata AMNH 35109 CT 	  Varecia variegata AMNH 100510 CT 	  Haplorhini       
Tarsiformes 	   	   	  Tarsius bancanus Tb-1 Histo TS 
Tarsius bancanus AMNH 106010 CT 	  Tarsius bancanus AMNH 203297 CT 	  Tarsius spectrum AMNH 109226 CT 	  Platyrhini 	   	   	  Alouatta 	   Histo WM Alouatta caraya Ac1 Histo TS 
Alouatta palliata 	   Histo WM Aotus trivirgatus At1 Histo TS 
Aotus trivirgatus At2 Histo TS 
Aotus trivirgatus USNM 503920 CT JBR 
Aotus azarae AMNH 36508 CT 	  Ateles fusiceps 	   Histo WM Cacajao rubricundus USNM 395027 CT JBR 
Cacajao rubricundus USNM 302626 CT JBR 
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  Callimico goeldii USNM 395455 CT JBR 
Callimico goeldii 	   Histo WM Callimico goeldii 	   Histo WM Callithrix jacchus CJ21 Histo TS 
Callithrix jacchus 	   CT 	  Callithrix jacchus 	   Histo WM Callithrix pygmaea CP3 Histo TS 
Callithrix pygmaea 	   Histo WM Callithrix pygmaea 	   Histo WM Callicebus moloch 	   Histo WM Callicebus moloch 	   Histo WM Cebus apella USNM 518268 CT JBR 
Cebus albifrons 	   Histo WM Cebus 	   Histo WM Lagothrix lacotrica 	   Histo WM Leontopithecus rosalia USNM 337333 CT JBR 
Leontopithecus rosalia NMNH Histo TS 
Leontopithecus rosalia 	   Histo WM Pithecia pithecia Saki Histo TS 
Saguinus geoffroyi SG17 Histo TS 
Saguinus oedipus USNM 306845 CT JBR 
Saguinus oedipus So2 Histo TS 
Saguinus oedipus 	   Histo WM Saguinus bicolor SB2 Histo TS 
Saguinus 	   Histo WM Saimiri sciureus USNM 338948 CT JBR 
Saimiri sciureus 	   Histo WM Nomascus leucopensis AMNH 87251 CT 	  Pan troglodytes AMNH 167344 CT 	  Papio hamadryas AMNH 82185 CT 	  Non-Primates 	   	   	  Echinops telfari AMNH 170605 CT 	  Ptilocercus lowi USNM 488056 CT JBR 
Tupaia belangeri AMNH 54714 CT   
Institutional abbreviations: USNM - United States National Museum of 
Natural History, AMNH - American Museum of Natural History. Data type 
abbreviations: Histo - histology, CT - micro Computed Tomography. JBR - 
James B Rossie, Stony Brook University; TS, Timothy Smith, Slippery Rock 
University, WM - Woflgang Maier, Universitat Tubingen  
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  Table 2. 2. Fossil sample used for this study. 
Taxon Catalogue Number Classification Geologic Age Scanned by 
Plesiadapiformes 
    Pronothodectes gaoi UALVP 43098 Plesiadapidae Paleocene DB 
Ignacius greybullianus USNM 421608 Plesiadapidae Paleocene MS 
Adapiformes 
    Adapis parisiensis QD84a Adapinae Eocene 
 Adapis parisiensis QD84b Adapinae Eocene 
 Adapis parisiensis QD102a Adapinae Eocene 
 Adapis parisiensis Q13 Adapinae Eocene 
 Notharctus tenebrosus AMNH 131764 Notharctinae Eocene 
 Mahgarita stevensi TMM 41578-9 
 
Eocene RK 
Lemuriformes 
    cf Palaeopropithecus 
ingens AMNH 93827 Palaeopropithecidae Holocene 
 Archaeolemur majori AMNH 30007 Archaeolemuridae Holocene 
 Palaeopropithecus ingens AMNH 30013 Palaeopropithecidae Holocene 
 Megaladapis edwardsi  AMNH 30024-A2 Megaladapidae Holocene 
Omomyiformes 
    Rooneyia viejaensis TMM 40688-7 
 
Eocene RK 
Anthropoidea 
    Biretia megalopsis DPC 22279D Parapithecidae Eocene ES 
Parapithecus grangeri DPC 18651 Parapithecidae Oligocene TR 
Proteopithecus sylviae CGM 42214 Proteopithecidae Eocene TR 
Homunculus patagonicus 
 
Platyrrhini Miocene RK 
Propliopithecoidea 
    Aegyptopithecus zeuxis CGM 85785 Propliopithecidae Oligocene TR 
Aegyptopithecus zeuxis CGM 40237 Propliopithecidae Oligocene TR 
Saadanius hijazensis SGS -UM 2009-002 Propliopithecoidea Oligocene TR 
	  TR - Tim Ryan, Penn State University CT Facility; MS - Mary Silcox ,Unniversity of Winnipeg; DB - Doug Boyer, 
Stoney Brook University; RK - Richard Ketcham, University of Texas CT Facility. All other fossils were scanned at the 
American Museum of Natural History MicroImaging Facility. Institution abbreviations - UALVP - University of Alberta 
Vertebrate Paleontology Lab, QD - Quercy Deposits, AMNH - American Museum of Natural History, TMM - Texas 
Memorial Museum, DPC - Duke Primate Center, CGM - Cairo Geological Museum, SGS-UM - Saudi Geological 
Survey-University of Michigan. 	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DATA ANALYSIS  
In the extant histological sample, digital photographs of each slide were visually 
scanned for evidence of a VNG associated with the vomeronasal cartilage (VNC) to 
determine if this feature was present or absent. A VNG was considered present if a 
depression on the maxilla spanning the length of the VNC could be observed in multiple 
histological images (Fig. 2.1 and 2.2). Two linear dimensions (length and width) were 
collected for the VNO and VNG. Width of the VNO and VNG was measured at the 
midpoint of VNO length using the “straight-line” tool in Image J (Abramoff et al., 2004). 
Length of the VNO and VNG was estimated by counting the number of slides in which 
these features are present and multiplying this number by slice thickness (typically 
measured in microns).  A more detailed account of these methods can be found in 
Chapter 3. 
  
	   
 
Figure 2. 1. Micrograph showing coronal section of the vomeronasal complex in Galago 
moholi. The histological sections were taken at approximately 2/3 along the 
anteroposterior axis of the vomeronasal neuroepithelium, and show the vomeronasal 
groove (arrows), as a visible depression in the maxilla (M). The vomeronasal groove is 
formed by contact between the vomeronasal cartilage and the maxilla. L, lumen of 
vomeronasal organ; vnc, vomeronasal cartilage. Scale bar = 0.5 mm. Figure is modified 
from Garrett et al. (2013). 
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Figure 2. 2. Three-dimensional reconstruction of a Nycticebus spp cranium showing the 
vomeronasal groove (yellow arrows) and the relationship between the vomeronasal 
cartilage (black arrow heads) surrounding the soft-tissue vomeronasal organ (asterisk). 
Figure A shows a medial-oblique view of the bisected cranium of Nycticebus cougang, 
with B, C, and D corresponding to the anterior view of the vomeronasal organ, mid-point, 
and end respectively.  Scale bars for 2B-D = 1mm.  Figure is modified from Garrett et al. 
(2013). 
 
Dry crania and fossils represented by CT data were visualized using AVIZO 
software (v. 7) in a similar fashion mentioned above. Character states (presence or 
absence) and linear measurements of the VNG were taken using ImageJ for extant taxa. 
Most fossil specimens have experienced some amount of deformation or damage due to 
normal taphonomic processes and were not easily viewed as serial slices using ImageJ. 
These specimens were rendered as 3-D models using AVIZO software, and 
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  characterization of VNG presence or absence was determined within AVIZO.   
In order to account for scaling effects of VNO and VNG length in differently 
sized animals, head and body length (mm) (HBL) was recorded from the literature (see 
Chapter 4, Table 4.1; Chapter 5, Table 5.1). Head and body length data were taken as 
species’ means and only implemented when mean values were used in analyses.   
 A number of other variables were included in each analysis (ranging from genetic 
to socioecological data, and representing a larger mammalian sample). More detailed 
information on the materials and methods specific to each individual study is described in 
each chapter. 
 
QUANTITATIVE METHODS 
All statistical analyses were performed in the R software environment for 
statistical computing (R Development Core Team, 2010). Because the majority of 
statistical tests were performed on a broad taxonomic sample, phylogenetic correction 
methods were used (Pagel, 1999). Specifically, phylogenetic least squares (PGLS) 
regression tests were implemented using the caper package in R (Orme et al., 2011). 
These methods are important because they take into account the likelihood for traits to be 
similar in closely related species because of recent common ancestry. Such trait similarity 
in closely related species can lead to phylogenetic “autocorrelation” as a result of data 
non-independence, conflating statistical relationships. In PGLS, data are fit onto a species 
tree, and covariance between each species is calculated using the branch lengths of a set 
phylogeny. The scaling parameter of Pagel’s lambda (λ) is implemented to scale the 
internal branches of the tree given the likelihood that a given trait is evolving under 
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  Brownian motion, or is evolving independent of the phylogeny (Pagel, 1999). When λ= 1 
or is not significantly different from 1, the trait is considered to be evolving along the tree 
under Brownian motion. When λ= 0 or is not significantly different from 0, the trait is 
evolving along a star phylogeny with the inference that the trait is more independent of 
phylogeny. In order to conduct these analyses in the caper package species means had to 
be calculated for all traits.  A consensus tree of all primate species was downloaded from 
the 10KTrees project website (http://10ktrees.fas.harvard.edu) to calibrate phylogenetic 
analyses, and trimmed to fit the dataset.    
Individual studies presented in each data chapter (Chapters 3-7) implement 
specific quantitative methods that will be described. 
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CHAPTER 3: DISTRIBUTION OF THE VOMERONASAL ORGAN IN 
PRIMATES AND ITS RELATIONSHIP TO THE VOMERONASAL 
GROOVE. 
 
Abstract: The primate vomeronasal organ (VNO) is highly variable, ranging from being 
well-developed in strepsirhine primates to completely absent in Old World monkeys. 
This variation is typically explained as a result of relaxed selection on the vomeronasal 
system once “higher” primates acquired high visual acuity and trichromatic color vision. 
In order to test this hypothesis from an evolutionary perspective it is important to 
understand the variation in VNO anatomy, as well as to identify potential osteological 
correlates of this organ that can be found in the fossil record. This chapter addresses 
variation in the primate VNO using serial histological sections of adults and 
fetal/neonatal specimens. Additionally, the relationship between the soft-tissue VNO and 
the hard tissue surrounding it is quantified. Results from this study confirm that all 
strepsirhines appear to have components of a functional VNO, as do most platyrrhines. 
The cartilage surrounding the VNO leaves a distinct impression on the maxilla, here 
called the vomeronasal groove (VNG), which is found in almost all primates that possess 
a VNO. Notably, the length of the VNO has a statistically significant positive relationship 
with the VNG. These results provide evidence that the VNG is an appropriate 
osteological proxy for gross linear measurements of the VNO. 
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  INTRODUCTION 
 The primate vomeronasal organ (VNO) is notable for its extreme variability. 
Primates exhibit at least 5 phenotypes of VNO character development ranging from fully 
functional to complete absence. Because access to primate cadaveric material for 
destructive sampling is limited, the number of specimens for which the VNO has been 
studied in detail is small and detailed knowledge of VNO morphology is limited.  
 Additionally, information on the character state of the VNO in extinct primates is 
limited because it is determined by the presence and distribution of sensory epithelium, 
which does not preserve in the fossil record.  Because the evolution of VNO diversity is 
interesting, especially given the inferred trade-off with high visual acuity and the 
acquisition of routine trichromacy, inferring the development of the VNO in fossils is 
necessary. It is therefore important to have an osteological proxy for the VNO in order to 
do this, as well as to analyze cranial specimens (which are more widely available than 
cadaveric material) in studying the VNO.  
 This chapter will discuss the diversity of the VNO in primates based on 
histological studies and will incorporate new data from adult and perinatal specimens. 
This chapter will also describe the vomeronasal groove (VNG), a proposed osteological 
proxy for the VNO, and its potential relevance as an indicator of olfactory ability in 
extant, and potentially fossil, primates.  
 
THE VOMERONASAL ORGAN 
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   The VNO is widely distributed across mammals and ranges from extremely well-
developed1 in murine rodents to completely absent in cercopithecoid primates, cetaceans, 
and some bats (Jordan, 1972; Wible and Bhatnagar, 1996; Doving and Trotier, 1998; 
Keverne, 1999; Smith et al., 2001). In all mammals, the VNO is a paired, blind-ended 
epithelial tube, often with an opening into the nasal or oral cavity. Functional studies of 
the VNO indicate its importance in receiving interspecific pheromonal cues (largely non-
volatile odorants, though possibly some volatile odorants) and kairomones, which detect 
interspecific predators (Martínez-García et al., 2009; Isogai et al., 2011; Fortes-Marco et 
al., 2013). The typical mammalian VNO has two types of epithelium, a sensory 
epithelium often lining the medial aspect of the organ, and a receptor free epithelium 
(RFE) laterally. The sensory epithelium expresses proteins that are encoded by the large 
family of vomeronasal 1 (V1R) and vomeronasal 2 (V2R) receptor genes. Most mammals 
only possess functional V1R genes, with intact V2R genes being retained in rodents, 
platypus, strepsirhines, and potentially tarsiers (Young et al., 2010; Yoder et al., 2014). 
Immunohistochemisty studies have revealed that mature vomeronasal sensory neurons 
(VSN) in rodents react positively to antibodies of growth associated protein 43 (GAP-43) 
and olfactory marker protein (OMP) (Farbman and Margolis, 1982; Weiler and Benali, 
2005; Ishii and Mombaerts, 2011). Another set of proteins expressed in VNO neurons are 
those encoded by TRPC2 gene, which encodes the pathway necessary for vomeronasal 
transduction. Absence of functional TRPC2 genes is strongly linked to a non-functional 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 A well-developed VNO is associated with an intact vomeronasal complex as described 
by Cooper and Bhatnagar (1976) in which the VNO, its surrounding cartilage, blood 
vessels, and nerves are present and project to an intact accessory olfactory bulb. Here it is 
assumed that a vomeronasal organ with medial sensory epithelium and lateral receptor-
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  VNO, and these genes appear to be non-functional in catarrhine primates (Liman and 
Innan, 2003; Zhang and Webb, 2003).  
 The VNO has been studied using histological techniques in a number of primates, 
revealing variation among (and even within) major primate clades (Schilling, 1970; 
Jordan, 1972; Loo and Kanagasunteram, 1972; Maier, 1980; Hunter et al., 1984; 
Taniguchi et al., 1992; Mendoza et al., 1994; Smith et al., 2001; Smith et al., 2002; 
Bhatnagar and Smith, 2003; Smith et al., 2003b; Smith et al., 2003c; Dennis et al., 2004; 
Smith et al., 2005; Smith et al., 2011a; Smith et al., 2011b; Garrett et al., 2013; Smith et 
al., 2014). Jordan (1972) was one of the first authors to study the histology of the VNO in 
a comparative sample of adult non-human primates (Loris, Cebus, Macaca), as well as 
fetal and neonatal humans. Jordan observed that a strepsirhine, Loris (referred to in his 
paper as Nycticebus tardigradus), maintained a generalized mammalian VNO as did a 
platyrrhine, Cebus. No VNO was observed in Macaca (a cercopithecoid) but a vestige of 
the VNO was found in fetal humans. In Loo’s (1974) description of the nasal fossa (in 
Nycticebus, Macaca, and Hylobates), a well-developed VNO was described for the 
strepsirhine but found to be absent in both catarrhines. Further work has confirmed some 
of these basic observations. Smith et al. (2001) distinguished five functional character 
states to describe the primate VNO, mostly based on the distribution of sensory epithelia: 
1.) a well-developed VNO possessing both vomeronasal neuroepithelium (VNNE) and 
RFE, which are clearly demarcated; 2.) a sensory-epithelium-only VNO in which no RFE 
is observed; 3.) an interrupted sensory epithelium VNO in which the VNNE is found all 
around the organ but is interspersed with RFE; 4.) a displaced VNO that is found 
superiorly in the nasal fossa and possesses more respiratory-like epithelium; 5.) absence  
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  of the VNO in postnatal individuals (Table 3.1). 
47
	  Six defined character states of the mammalian VNO based on descriptions of epithelial distribution in the literature. VNNE =   
vomeronasal neuroepithelium; RFE = receptor free epithelium; 1= Smith et al 2001. 
 
 
 	  	  	  	  	  	  	  	  	  	  	  
Table 3. 1. Description of VNO Character States 
Character 
State Description Taxa for which known VNO character states exist References 
I 
Well-developed: VNNE medially with thin 
lateral RFE Strepsirhines 1 
II VNNE only Most platyrrhines, tarsiers 1 
III VNNE interrupted by RFE Saguinus and Leontopithecus tamarins 1 
IV 
Respiratory-like epithelium, VNO displaced 
superiorly Hominoids 1 
V Absent Cercopithecoids 2 
	  
	  
Table 3. 2. Raw linear measurement data collected for analyses. 
Species Specimen Number VNO Width (mm) VNO Width (mm) VNO Length (mm) VNG Length (mm) 
Alouatta caraya Ac1 0.182 0.65 3.35 2.550 
Alouatta seniculus AMNH 94139 	   	   	   5.825 Alouatta seniculus AMNH 76858 	   	   	   9.694 Aotus trivigratus At1 	   0.932 	   3.800 Aotus trivigratus At2 	   0.238 	   2.600 Aotus trivigratus USNM 503920 	   0.526 	   2.735 Aotus azarae AMNH 36508 	   	   	   3.144 Ateles fusiceps 	   	   1.362 	   6.252 Ateles geoffroyi AMNH 26593 	   	   	   8.000 Cacajao rubricundus USNM 395027 	   	   	   4.206 Cacajao rubricundus USNM 302626 	   0.765 	   7.211 Callicebus moloch AMNH 72143 	   	   	   3.44 Callicebus moloch AMNH 72141 	   	   	   2.960 Callimico goeldii USNM 395455 	   0.697 	   2.029 Callithrix jacchus CJ21 	   0.199 2.52 1.920 Callithrix jacchus 	   	   	   	   	  Callithrix pygmaea CP3 0.193 0.463 1.61 1.310 
Cebus apella USNM 518268 	   1.328 	   7.894 Gorilla gorilla 	   0 0 0 0.000 Homo sapiens 	   0 0 0 0.000 Leontopithecus rosalia NMNH 0.224 0.844 0.26 	  Leontopithecus rosalia USNM 337333 	   0.789 	   1.594 Macaca nemestrina 	   0 0 0 0.000 Nomascus leucopensis AMNH 87251 0 0 0 0.000 
	  Pan troglodytes AMNH 167344 0 0 0 0.000 
Papio hamadryas AMNH 82185 0 0 0 0.000 
Pithecia pithecia Saki 0.328 0.864 	   3.000 Pongo pygmaeus 	   0 0 0 0.000 Saguinus geoffroyi SG17 0.412 0.907 3.61 3.110 
Saguinus oedipus USNM 306845 	   1.321 	   3.965 Saguinus bicolor SB2 0.33 0.963 3.81 3.410 
Saguinus oedipus So2 0.36 0.946 4.01 	  Saimiri sciureus USNM 338948 	   0.949 	   3.805 Saimiri oerstedii AMNH 27002 	   	   	   4.182 Saimiri boliviensis AMNH 211631 	   	   	   3.050 Saimiri boliviensis AMNH 211647 	   	   	   3.985 Tarsius bancanus Tb-1 0.261 	   1.01 2.410 Tarsius bancanus AMNH 203297 	   0.66 	   2.480 Tarsius spectrum AMNH 109226 	   	   	   3.443 Tarsius bancanus AMNH 106010 	   	   	   3.514 Echinops telfari AMNH 170605 	   0.56920136 	   1.751 Ptilochoerus lowi USNM 488056 	   1.036 	   3.707 Tupaia belangeri AMNH 54714 	   1.143 	   5.040 Arctocebus calabarensis USNM 511930 	   0.798 	   3.849 Avahi laniger USNM 83650 	   0.78 	   3.687 Cheirogaleus medius CM1 0.348 0.812 6.31 4.960 
Cheirogaleus medius CM2 0.118 0.69 	   	  Cheirogaleus major AMNH 100640 	   0.552752 	   9.862 Cheirogaleus medius AMNH 196618 	   0.714584 	   7.367 Eulemur mongoz AMNH 100608 	   0.6833 	   3.565 Eulemur macaco AMNH 100606 	   	   	   6.330 Eulemur macaco AMNH 100531 	   	   	   4.776 
Euoticus elegantulus AMNH 23651 	   	   	   5.999 Galago moholi P2013 0.368 0.75 5.51 5.910 
Galago moholi USNM 367849 	   1.483 	   4.425 Hapalemur griseus USNM 83667 	   1.266 	   3.670 Hapalemur griseus AMNH 100823 	   0.451621 	   4.162 Hapalemur griseus AMNH 170682 	   0.567338 	   6.902 Indri indri AMNH 100506 	   1.432 	   6.840 Indri indri AMNH 185638 	   	   	   8.404 Lemur catta 	   	   1.299 	   7.986 Lemur catta AMNH 100596 	   1.6 	   8.491 Lemur catta AMNH 170737 	   	   	   7.147 Lepilemur mustelinus AMNH 170585 	   0.439672 	   5.295 Lepilemur mustelinus AMNH 100616 	   0.364888 	   5.843 Lepilemur mustelinus AMNH 100820 	   0.353427 	   5.826 Lepilemur mustelinus AMNH 100642 	   0.648902 	   5.981 Loris tardigradus Lt1 0.344 0.841 4.11 4.110 
Microcebus murinus P844 	   0.576 	   	  Microcebus murinus P1845 0.303 0.655 5.71 5.510 
Microcebus murinus P859 0.237 0.441 5.51 	  Microcebus murinus P1180 0.35 0.559 6.01 5.410 
Microcebus murinus P1462 0.181 0.419 	   	  Microcebus murinus P1511 	   0.468 7.456 7.136 Microcebus rufus USNM 328789 	   0.676 	   8.618 Microcebus murinus AMNH 174535 	   0.55418038 	   6.671 Microcebus murinus AMNH 174456 	   0.688588478 	   5.411 Mirza coquereli Mc1b 0.224 0.735 	   	  Mirza coquereli AMNH 100832 	   0.729491602 	   11.611 Nycticebus coucang USNM 84390 	   1.196 	   5.996 
Nycticebus pygmaeus AMNH 87282 	   	   	   6.970 Otolemur crassicaudatus P2789 0.309 0.775 8.01 8.610 
Otolemur crassicaudatus P2802 0.439 1.001 	   	  Otolemur crassicaudatus P2882 0.324 1.023 7.51 1.310 
Otolemur crassicaudatus P2845 0.384 0.859 9.552 5.472 
Otolemur crassicaudatus P2855 0.657 1.179 4.634 2.674 
Otolemur crassicaudatus USNM 399060 	   1.17 	   7.570 Otolemur garnetti P8869 0.327 0.794 8.41 1.510 
Otolemur garnetti P5681/P5861 0.524 0.97 	   	  Otolemur garnetti P8834 0.475 1.106 7.91 6.410 
Otolemur garnetti P8860 0.468 1.069 10.692 8.412 
Otolemur garnetti P517 0.422 0.684 6.594 5.054 
Otolemur garnetti P8813 0.417 0.708 5.91 5.910 
Otolemur garnetti P8859 0.484 1.411 6.11 3.710 
Otolemur garnetti P8862 0.366 1.076 	   	  Perodicticus potto Potto 1 0.432 0.644 6.21 5.600 
Perodicticus potto USNM 439101 	   0.643 	   2.926 Phaner furcifer AMNH 100829 	   0.46892186 	   4.369 Propithecus diadema USNM 63448 	   0.855 	   2.754 Propithecus verreauxi AMNH 170467 	   	   	   5.587 Varecia variegata USNM 63346 	   0.944 	   8.768 Varecia variegata AMNH 100510       8.704 
	   Strepsirhines do maintain a well-developed VNO which appears to be functional 
for chemosensation. Species representing most strepsirhine families have been studied 
histologically, demonstrating that they have VNNE arranged in a similar way as many 
other mammals – with sensory epithelium lining the medial portion of the lumen and 
RFE lining the lateral portion (Jordan, 1972; Loo and Kanagasunteram, 1972; Hunter et 
al., 1984; Smith et al., 2005; Garrett et al., 2013; Smith et al., 2014). Nocturnal 
strepsirhines, particularly galagids and cheirogaleids have been studied in the most detail 
(Smith et al., 2005; Garrett et al., 2013), while fewer diurnal species have had their VNO 
described in detail (Smith et al., 2014). Studies using immunohistochemistry also reveal 
that the strepsirhine VNO (at least of nocturnal species) is functional based on positive 
reactions of VSNs to GAP-43 and OMP antibodies (Garrett et al., 2013). Tarsiers have 
been described as having VNOs with VNNE only (Smith et al., 2003c). The presence of 
functional V1R and even V2R receptor genes in tarsiers indicates their VNO is almost 
certainly functional (Young et al., 2010; Yoder et al., 2014).  A VNO is found in most 
platyrrhines studied to date (Cebuella, Callithrix, Saguinus, Leontopithecus, Saimiri, 
Aotus, Pithecia, Ateles, and Alouatta), but taxa differ in terms of development and 
functional category (Maier, 1980; Hunter et al., 1984; Mendoza et al., 1994; Smith et al., 
2003b; Smith et al., 2011a; Smith et al., 2011b). For example, in callitrichines both 
sensory-epithelium-only and interrupted-sensory-epithelium VNOs are found (Smith et 
al., 2003b). Interestingly, while there are behavioral data indicating chemoreception in 
most platyrrhines, some species may have a vestigial or non-functional VNO. Smith et al. 
(2011a) found that Saguinus tamarins lack reactivity in OMP found in the VSNs of the 
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  VNO.  OMP(-) neurons in the VNO make it unlikely that functional vomeronasal 
chemoreception occurs. Based on results from Smith et al. (2011b), Cebuella also 
displayed OMP(-) VNNE.  Catarrhines were thought to have lost the VNO completely, 
but its presence has been reported in humans and other apes (Maier, 1980; Hunter et al., 
1984; Monti-Bloch and Grosser, 1991; Keverne, 1999; Bhatnagar and Smith, 2001; 
Smith et al., 2001; Smith et al., 2002; Bhatnagar and Smith, 2003). Smith et al. (2002) 
demonstrated that the VNO is present variably in humans and chimpanzees as a vestige 
and that when it occurs it is displaced superiorly with uniformly distributed epithelium 
resembling that of respiratory tissues. This condition is likely to be found in other 
hominoids. A VNO is yet to be demonstrated for cercopithecoids and was probably 
completely lost in this group.    
 Platyrrhines are particularly interesting regarding VNO development and 
functionality because they may provide evidence for a “transitional stage” prior to VNO 
loss in catarrhines. Additionally, if some platyrrhines indeed do not have functional 
VNOs, they could provide interesting evidence for alternative channels through which 
sociosexual chemosignals are detected. This type of evidence could lead to refining 
hypotheses to explain if and why there was a trade-off between olfaction and other senses 
such as vision in primate evolution.  
 In order to test evolutionary hypotheses about the trade-off between sensory 
modalities in primates, osteological proxies must be identified for the VNS. The VNO is 
a soft tissue structure and therefore not represented in fossilized organisms. The 
association of the VNO with surrounding hard tissue structures of the nasal cavity must 
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  be assessed in order to gain insight into possible osteological correlates that can be 
observed in fossils.  
 Limited attention has been devoted to formally identifying and quantifying 
osteological correlates of the VNO. Interestingly, the majority of information published 
on this topic is from the paleontological literature and has focused on therapsids (Broom, 
1930, 1937; Kemp, 1969; Cluver, 1971; King, 1981; Duvall et al., 1983; Maier et al., 
1996; Hillenius, 2000). Several studies inferred presence of a VNO in fossil taxa due to 
bilateral grooves on the septomaxilla or premaxilla that corresponded to placement of the 
vomeronasal ducts in extant tetrapods (Kemp, 1969; Cluver, 1971; King, 1981; Duvall et 
al., 1983). Maier et al. (1996), in a detailed description of the palate of therapsid crania 
from the Upper Permian, addressed the problem of inferring soft tissue morphology from 
bone in extinct species.  In their overall description of the secondary hard and soft palate, 
Maier et al. briefly documented the possible position of a VNO in Glanosuchus sp., based 
on the presence of trough like grooves in the premaxilla that correspond to articulation 
with vomeronasal cartilage as it is found in modern mammals. Hillenius (2000) reviewed 
the literature on reconstructions of the VNO in therapsids and non-mammalian synapsids. 
He compared the position of the VNO and surrounding osteological structures across 
tetrapods and concluded that the trough-like grooves described by Maier et al. (1996) 
most likely indicate VNO presence, even identifying this feature in extinct stem 
mammals (Hillenius, 2000). While several authors have identified the grooves related to 
the VNO in extant and extinct species, there has been no formal description and 
quantification of this relationship.  
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   This study identifies the vomeronasal groove (VNG) as a distinct osteological 
indicator of VNO presence. By observing serial histological sections and CT scans of 
cranial specimens, it is apparent that the cartilage surrounding the VNO leaves a distinct, 
trough-like groove on the maxilla that approximates the length and width of the organ. 
The next aim of this study is to determine the distribution of the VNG as an indicator of 
VNO in primates, as well as to document its general morphological features.  	  
MATERIALS AND METHODS 
 Anatomy of the VNO is best observed in serial histological sections from 
cadaverous specimens. Unfortunately access to primate cadavers for destructive sampling 
is rare. Previously sectioned specimens were made available for this study by Timothy 
Smith and Wolfgang Maier, representing species described previously in the literature as 
well as species whose VNO has not been formally described (Table 3.2). For this study 
60 serially sectioned specimens representing 29 species were observed.  
 Serial histological sections for each individual were viewed in ImageJ software 
(Abramoff et al., 2004) in order to assess the presence or absence of a VNO, and to 
record data on its overall structure. A VNO was considered present if a VNO lumen was 
visible in the nasal cavity. The organization of VNNE and RFE was also recorded when 
possible, as well as the shape of the surrounding VNO cartilage (VNC), and whether or 
not the VNC left a VNG on the maxilla.  
 In order to establish the presence and potential utility of the VNG as a measure of 
the VNO in cranial specimens, CT scans of 34 species of primates and 3 additional non-
primate mammals (Ptilocercus, Tupaia, Echinops) were also included in this study. In 
catarrhines the paraseptal cartilage, which is homologous to the VNC of non-catarrhine 
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  primates, is reduced to a small bar that does not leave a distinct impression on the maxilla 
(Loo 1974; Smith et al. 1998). Therefore catarrhines were not directly included in 
analyses. Several CT scans of species were provided by colleagues (Table 3.2), and all 
others were scanned at the Microscopy and Imaging Facility in the American Museum of 
Natural History (AMNH). Crania were scanned at the highest resolution possible 
depending on size, in order to capture microanatomical details of the internal nasal fossa. 
CT scans were converted into TIFF stacks for easy viewing in software such as ImageJ 
and were rendered as 3D models in Avizo software. The nasal fossa was observed in 
scanned specimens, and presence or absence of a VNG was recorded.   
 When a VNO was observed in histological sections, length and width of the VNO 
lumen and the VNG were recorded using the line tool in ImageJ. VNO and VNG length 
were determined by counting the number of slides from the first occurrence of the VNO 
lumen to the last, and multiplying by slice thickness. VNO and VNG width were 
calculated at the midpoint of the VNO lumen.  Linear measurements of the VNG were 
also recorded on CT-scanned specimens in ImageJ and Avizo software. VNG 
measurements from CT-scans were primarily used in other analyses. 
 Mean values of VNO and VNG length and width were calculated for each species 
in order to perform phylogenetically corrected statistical analyses. Total head and body 
length (HBL) (mm) was taken from the literature for each species as well. Linear 
measurements were log-transformed to better fit statistical models. Phylogenetically 
corrected least squares regression methods were then implemented to determine 
relationships between soft tissue and hard tissue components of the vomeronasal 
complex. All statistical analyses were run in the R software environment using the caper 
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  package (R Development Core Team, 2010; Orme et al., 2011). For all tests, Pagel’s 
lambda was calculated as a measure of how much phylogeny accounts for the variance in 
data. Where lambda is close to 1, phylogeny is inferred as having a strong effect on the 
data, and where lambda is close to 0 phylogeny should have weak or no effect. The 
phylogeny used was a consensus tree downloaded from the 10KTrees project 
(http://10ktrees.fas.harvard.edu). Significance values of statistical tests were adjusted 
using the Bonferroni, and Benjamini and Yekutieli correction methods.  
 First, VNO length (mm) was regressed against VNG length (mm), and VNO 
width (mm) was regressed against VNG width (mm) for the entire primate sample. A 
second round of tests with these variables were then run without catarrhines, whose VNO 
and VNG values are zero.  VNO length and width were also regressed against HBL to 
determine any relationship between VNO dimensions and body size.  
 Phylogenetic analysis of variance (ANOVA) tests were run to determine if mean 
VNO length and width differed significantly between strepsirhines and haplorhines.  To 
account for effects of body size, ANOVA tests were also run on size-adjusted variables 
for VNO length and width, which were calculated by dividing VNO length and width by 
total head and body length (HBL). The ANOVA tests were run in an all-primate sample 
and a sample without catarrhines. 
  
RESULTS 
 A VNO is present in all strepsirhines, tarsiiformes, and platyrrhines observed, 
although the VNO lumen, cartilage, and VNG impression vary (Fig. 3.1-3.6). All 
specimens have a VNC surrounding the VNO in a closed to open “J” shape. The VNC in 
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  most species rests on the maxilla, forming a trough like VNG. This VNG is present in all 
sampled non-catarrhine primates with one exception, the aye-aye (Fig. 3.7).  
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Figure 3. 1. Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
nocturnal lemuriforms. Each image represents the midpoint of the VNG. A – Microcebus, B – Mirza, C – Cheirogaleus, D – 
Lepilemur, E – Phaner. Scale bars = 5mm. 
 
 	  
Figure 3. 2.	  Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
diurnal lemurids. Each image represents the midpoint of the VNG. A – Eulemur, B – Hapalemur, C – Varecia, D – Lemur, Scale bars 
= 5mm.  
 
 
	  
Figure 3. 3.	  Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
lorisiforms. Each image represents the midpoint of the VNG. A – Arctocebus, B – Perodicticus, C – Nycticebus, D – Galago, E – 
Euoticus. Scale bars = 5mm.  
 
	  
Figure 3. 4. Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
indriids. Each image represents the midpoint of the VNG. A – Avahi, B – Indri, C – Propithecus. Scale bars = 5mm. 
 
	  
Figure 3. 5. Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
platyrrhines and Tarsius. Each image represents the midpoint of the VNG. A – Leontopithecus, B – Saguinus, C – Saimiri, D - Aotus, 
E - Tarsius. Scale bars = 5mm.  
 	  
	  
Figure 3. 6. Serial CT scan images of the nasal cavity in paracoronal orientation with bold white arrow pointing to the VNG in extant 
platyrrhines. Each image represents the midpoint of the VNG. A – Alouatta, B – Ateles, C – Callicebus, D - Cacajao. Scale bars = 
5mm
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 The VNG is noticeably absent in CT scans of Daubentonia.  Histological data 
confirm that a VNO is present, but it is superiorly placed in the nasal fossa rather than 
being located at the base as in most other primates (Fig. 3.7). This superior position 
leaves no impression on the maxilla but may leave a very faint impression on the vomer 
on the more caudal aspect of the nasal fossa/VNO. This most likely is related to 
autapomorphies in the cranium of the aye-aye, which is a specialized gouger. 
 
	  
Figure 3. 7 . Side by side comparison of CT scan and micrograph of the nasal fossa of a 
Daubentonia madagascariensis adult (left) and fetal specimen (right) at approximately 
similar levels in the paracoronoal plane. Note that there is not a distinct VNG in the CT 
scan, and the placement of the VNO complex superior to the maxilla in the micrograph. 
The yellow asterisk denotes the VNO lumen, and white arrow-head denotes the VNC. 
 
 
Findings on the VNO in Additional Primates 
 Studies on the VNO in primates are limited because of the rarity of primate 
cadavers or at least limited access to cadavers for destructive tissue sampling. For this 
study, histological material was studied for several species that have not been previously 
described in the literature or described in limited detail. Fetal or perinatal specimens were 
observed because of availability, so some information may not be applicable to adults.  
 
	  Strepsirhines 
 Histological sections were observed for several species of strepsirhines that have 
not been described at all (or from very few examples) in the existing literature. Not only 
do these observations provide information for new species, but in some cases entire 
families, i.e., Lepilemuridae and Daubentoniidae (Table 3.2).  
Daubentonia 
 In the fetal specimen of Daubentonia observed, (Fig. 3.7) the VNO appears to 
exhibit morphology similar to that of other strepsirhines. The VNNE is found on the 
medial aspect of the lumen, and the RFE is found more laterally. The cartilage 
surrounding the organ (VNC) is found in an open J shape. One unique aspect of the 
vomeronasal complex in Daubentonia is that the VNC does not directly contact the 
maxilla. This in turn results in the absence of a VNG, as is observed in CT scans of 
osteological museum specimens (this study). The VNO of Daubentonia is likely 
functional, given a relatively large number of intact V1R genes present in this genus 
(Yoder et al 2014).  
 This unique morphology is almost certainly related to autapomorphic traits of the 
aye-aye craniofacial complex. Daubentonia is unique among primates in having 
constantly growing incisors that are used in tree-gouging, with a large diastema between 
the incisor and the succeeding premolar. Such strong and repetitive mechanical forces are 
likely to affect overall shape of the face, resulting in this configuration of the VNO in a 
position wherein its surrounding cartilage does not directly contact the maxilla. 
Interestingly, similar morphology may also be found in some rodents (Vaccarezza et al., 
1981; Salazar and Quinteiro, 1998).  
67
	  Propithecus 
 In the fetal specimen of Propithecus sp., VNO microarchitecture appears similar 
to the condition in other strepsirhines (Fig. 3.8). The VNNE is distributed medially on the 
VNO lumen while the lateral aspect of the lumen is covered in RFE. The VNO is 
surrounded by an open J shaped cartilage that surrounds the length of the VNO. The 
VNC articulates with the maxilla and forms a distinct VNG in Propithecus (Fig. 3.9). 
 
	  
Figure 3. 8 . VNO lumen and elements of the VNO complex in a fetal Propithecus sp. 
Black arrows are pointing to the VNNE, yellow arrow-head points to RFE.  
68
	  	  
Figure 3. 9. Side by side comparison of micrograph (fetal) and CT scan (adult) of the 
nasal fossa of Propithecus sp at approximately similar levels in the paracoronoal plane. 
Yellow asterisk denotes the VNO lumen, white arrow head denotes the VNC, bold black 
arrow denotes the VNG on the maxilla. White bold arrow denotes the VNG in the CT 
scan. 
 
Lepilemur 
 There have been no previous descriptions of the VNO in the family 
Lepilemuridae. Based on observations of a fetal specimen, Lepilemur has a well-
developed VNO with both VNNE and RFE as in Daubentonia and Propithecus. The 
vomeronasal complex appears to be slightly shorter and wider than in either Propithecus 
or Daubentonia, and the VNC forms a distinct and deep VNG on the maxilla (Fig. 3.10). 
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Figure 3. 10. Side by side comparison of micrograph (fetal) and CT scan (adult) of the 
nasal fossa of Lepilemur mustelinus at approximately similar levels in the paracoronoal 
plane. Yellow asterisk denotes the VNO lumen, white arrow head denotes the VNC, bold 
black arrow denotes the VNG on the maxilla. White bold arrow denotes the VNG in the 
CT scan. 
 
Platyrrhines 
  The VNO of most platyrrhine families has been documented in detail in several 
studies of VNO histology (Maier, 1980; Hunter et al., 1984; Taniguchi et al., 1992; 
Mendoza et al., 1994; Smith et al., 2003b; Dennis et al., 2004; Smith et al., 2011a; Smith 
et al., 2011b). Here, additional data are presented on the VNO of Callicebus, Callimico, 
and Lagothrix.  
Callicebus 
 The VNO lumen of perinatal Callicebus is oval in shape and dorso-ventrally 
compressed (Fig. 3.11). It is surrounded by a “U” shaped cartilage that contacts the 
maxilla weakly. The VNO of Callicebus appears to be more superiorly located than in 
other platyrrhines, which leaves a VNG that is less distinct in some cranial specimens. 
Variation in the visibility of the VNG may vary in part due to age, with adults presenting 
a more distinct VNG than subadults. 
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Figure 3. 11 . Side by side comparison of micrograph (fetal) and CT scan (adult) of the 
nasal fossa of Callicebus moloch sp at approximately similar levels in the paracoronoal 
plane. Yellow asterisk denotes the VNO lumen, white arrow head denotes the VNC, bold 
black arrow denotes the VNG on the maxilla. White bold arrow denotes the VNG in the 
CT scan. 	  
Callimico 
 Callimico also has a VNO lumen that is dorso-ventrally elongated, and the 
cartilage forms an open-J shape. There is a distinct impression of the VNG in the maxilla 
(Fig. 3.12). 
 
	  
Figure 3. 12 . Side by side comparison of micrograph (fetal) and CT scan (adult) of the 
nasal fossa of Callimico goeldii at approximately similar levels in the paracoronoal plane. 
Yellow asterisk denotes the VNO lumen, white arrow head denotes the VNC, bold black 
arrow denotes the VNG on the maxilla. White bold arrow denotes the VNG in the CT 
scan. 	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  Lagothrix 
 The VNO lumen of Lagothrix takes on a more rounded-oval shape compared to 
Callicebus and Callimico and is surrounded by U-shaped cartilage. The VNG is distinct 
in the perinatal specimen (Fig. 3.13).  
 
	  
Figure 3. 13. Side by side comparison of micrograph (fetal) and CT scan (adult) of the 
nasal fossa of Lagothrix lagotricaat approximately similar levels in the paracoronoal 
plane. Yellow asterisk denotes the VNO lumen, white arrow head denotes the VNC, bold 
black arrow denotes the VNG on the maxilla. White bold arrow denotes the VNG in the 
CT scan. 
 
Relationships between the VNO and VNG 
 There is a statistically significant relationship between the VNO and VNG across 
all observed primates (Table 3.3). Phylogenetically corrected regression analyses reveal a 
significant positive relationship between the log-transformed length of the VNO and 
VNG in a primate sample including catarrhines (r2=0.65, p<0.005) (Fig. 3.14). When 
catarrhines are removed the relationship is similar, however the r2 is smaller (r2= 0.58, 
p<0.005).  Width of the VNO and VNG are also strongly related in a full-primate sample 
(r2=0.86, p<0.001), and a non-catarrhine sample (r2=0.40, p<0.005) (Fig. 3.15). 
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Figure 3. 14.	  Scatterplot of log-transformed VNO length regressed against 
log-transformed VNG length. The blue line represents the linear regression 
slope. The red line represents the phylogenetically corrected regression slope. 
Dashed lines represent the 95% confidence limits. Haplorhines are plotted as 
circles and strepsirhines are plotted as triangles.  
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Figure 3. 15.	  Scatterplot of log-transformed VNO width regressed against log-
transformed VNG width. The black line represents the linear regression slope. Dashed 
lines represent the 95% confidence limits. Haplorhines are plotted as circles and 
strepsirhines are plotted as triangles.  
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PGLS output for all of the pairwise comparisons.  df = degrees of freedom.  Values in italics were significant after using the            
Bonferroni correction. 
 
 
PGLS output for all of the pairwise comparisons.  df = degrees of freedom.  Values in italics were significant after using the 
Bonferroni correction. 
Test λ F df r2 p(F) B p (B) a p(a) 
log VNO Length ~ log VNG Length 0.98 38.61 2, 20 0.6587 1.4E-07 0.60 4.6E-06 0.551 0.006 
log VNO Length ~ log VNG Length (without 
catarrhines) 0.88 17.91 2, 13 0.5794 0.0002 0.42 0.001 0.933 0.0002 
log VNO Width ~ log VNG Width 0.19 131.5 2, 21 0.8623 1.3E-12 1.97 1.7E-10 0.038 0.400 
log VNO Width ~ log VNG Width (without 
catarrhines) 0 9.381 2, 14 0.4012 0.003 1.03 0.008 0.312 0.005 
Table 3. 3. Results of Phylogenetic Regression of VNOL and VNOW on VNGL and VNGW 
Table 3. 4. Phylogenetic ANOVA Results of Size-Adjusted VNG Length by Suborder 
	  	   λ df MS F p(F) H-S (t,p) 
Size-­‐adjusted	  VNG	  Length	  ~	  Suborder	   0.88 46 0.002 0.88 0.353 0.011 (0.937, 0.353) 
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 Results from phylogenetic ANOVA reveal that VNO length differs significantly 
between strepsirhines and haplorhines while VNO width does not (Table 3.4). VNO 
length was greater in strepsirhines both when testing the absolute and size adjusted value, 
and when catarrhines were included or excluded (Fig. 3.16, 3.17). VNO width does not 
differ significantly between strepsirhines and haplorhines, for absolute and size-adjusted 
variables, whether catarrhines are included or excluded. However, when catarrhines are 
excluded from analyses, the mean size-adjusted width of the VNO is slightly larger in 
haplorhines than in strepsirhines.   
 
	  
Figure 3. 16. Boxplots of log VNO dimensions by suborder (all primates). A. log VNO 
length. B. log size-adjusted VNO length. C log VNO width. D log size-adjusted VNO 
width. 
 
	   
 
	  
Figure 3. 17. Boxplots of log VNO dimensions by suborder (catarrhines removed). A. 
log VNO length. B. log size-adjusted VNO length. C log VNO width. D log size-adjusted 
VNO width. 
 
 
DISCUSSION 
 This study demonstrates that the VNO in primates leaves a distinct impression on 
the maxilla, the VNG. Based on interpretations of the results from this study, there is a 
statistically significant relationship between the linear dimensions of the soft tissue VNO 
and the hard tissue VNG. This relationship between soft and hard tissue means that the 
VNG is a fairly reliable indicator of VNO morphology in extant crania and potentially in 
fossils.  
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   Length of the VNO, and by extension the VNG, may be biologically relevant and 
therefore applicable in comparative analyses of the VNS in primates and other mammals. 
Smith et al. (2011b) demonstrated that VNG length and length of VNNE are strongly 
positively correlated. Garrett and Steiper (2014, see Chapter 4) also demonstrated that the 
size-adjusted length of the VNO is significantly and positively related to the proportion 
of functional V1R receptors across mammals. A larger repertoire of genes encoding V1R 
receptor proteins may select for more sensory epithelium and therefore a larger VNO. 
 On average, strepsirhines have longer VNOs than haplorhines, though the VNO 
of haplorhines might be slightly wider when body size is taken into account (Fig. 3.16). A 
longer VNO in strepsirhines relative to haplorhines may be further evidence for a more 
well-developed VNS in this clade. Strepsirhines also maintain a generalized VNO, 
whereas tarsiers and platyrrhines display at least two derived arrangements of epithelia. 
The tarsier and platyrrhine VNO takes on a more irregular shape than what is observed in 
strepsirhines (platyrrhines in particular display circular or tall irregular VNO lumen 
shapes). Whether or not irregularities in VNO shape relate to distribution of sensory and 
non-sensory epithelium, and have some functional importance, is unexplored. 
 When catarrhines were removed from analyses testing for the relationships 
between the VNO and VNG r2 values were lower than for tests in which zero values 
representing catarrhines were kept in (Fig. 3.17). This may be due to the fact that in some 
specimens the dimensions of the VNG exceed those of the VNO. Preservation of the soft 
tissue VNO may affect these measurements, especially if drying leads to shrinking. On 
average the relationship between the length of the VNO and VNG is stronger than that of 
the VNO and VNG width when zero values of catarrhines are removed.  
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   Other variables are likely to affect the anatomy of the VNO complex in primates, 
including bite force mechanics affecting the maxillary region. Gouging primates such as 
aye ayes have unique orientations of their VNO, which is perhaps similar to murine 
rodents and lagomorphs (personal observation). These variables should be taken into 
consideration when looking for purely osteological indicators of the VNO. 	  
SUMMARY AND CONCLUSIONS 
 This study demonstrates that here is a strong relationship between the anatomy of 
the VNO and VNG. The VNO is most likely present in all strepsirhines, tarsiers, and 
platyrrhines based on its distribution in species described in the literature and this study. 
In all species with a VNO (except Daubentonia), a VNG is present. The linear 
dimensions of the VNO are significantly related to VNG dimensions, which justifies 
using the VNG as an osteological proxy in quantitative analyses on cranial specimens 
relating to the VNS. Additionally, this can extend to fossils, which are only represented 
by hard tissue. Length of the VNG appears to be most significant biologically. There is 
some demarcation in shape of the vomeronasal complex between strepsirhines and 
haplorhines.  
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  CHAPTER 4: STRONG LINKS BETWEEN GENOMIC AND 
ANATOMICAL DIVERSITY IN BOTH MAMMALIAN OLFACTORY 
CHEMOSENSORY SYSTEMS.2 
Abstract: Mammalian olfaction is comprised of two chemosensory systems: the odorant 
detecting main olfactory system (MOS) and the pheromone detecting vomeronasal 
system (VNS).  Mammals are diverse in their anatomical and genomic emphases on 
chemosensation, including the loss or reduction of these systems in some orders.  Despite 
qualitative evidence linking the genomic evolution of these systems to specific functions 
and phenotypes, little work has quantitatively tested whether the genomic aspects of the 
mammalian chemosensory systems are correlated to anatomical diversity.  We show that 
the genomic and anatomical variation in these systems are tightly linked in both the VNS 
and MOS, though the signature of selection is different in each system. Additionally, the 
relationships between genomic and anatomical diversity strongly support a role for 
natural selection in shaping the evolution of the chemosensory gene families across 
mammals.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 The manuscript entitled Strong links between genomic and anatomical diversity in both 
mammalian olfactory chemosensory systems, written by Eva C. Garrett and Michael E. 
Steiper was published in the Proceedings of the Royal Society B: Biological Sciences on 
April 9, 2014. 
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  INTRODUCTION 
 Olfaction is a key sensory adaptation of mammals Rowe et al. (2011).  
Colloquially referred to as the “sense of smell,” mammalian olfaction actually derives 
from two chemosensory systems that are distinct at the anatomical, genomic, and 
neurological levels—the main olfactory system (MOS) and vomeronasal system (VNS) 
(Fig. 4.1). Mammals are diverse in their anatomical and genomic development of these 
two olfactory chemosensory systems, ranging from “microsmatic” cetaceans to 
“macrosmatic” rodents and canines (Moulton, 1967; Grus et al., 2005; Hayden et al., 
2010). 
 
Figure 4. 1. Schematic diagram of the anatomical components of the mammalian 
olfactory chemosensory systems. The diagram shows a line drawing of Microcebus 
murinus with a CT scan (AMNH 174535) of the nasal fossa in the sagittal plane. The red 
arrows indicate the length of the vomeronasal groove (VNG), which forms on the palatal 
portion of the maxilla from the articulation of cartilaginous capsule surrounding the 
vomeronasal organ (VNO). When data on VNO length were not available, we measured 
} Area of Perforated Portion of Ethmoid Bone: Proxy for Main Olfactory Epithelium Area
Vomeronasal Groove Length: 
Proxy for Vomeronasal Organ Length
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  the VNG length as an osteological proxy. The yellow bracket indicates the perforated 
portion of the ethmoid bone, through which nerves projecting from the main olfactory 
epithelium (MOE) pass and then connect to the main olfactory bulb (MOB). We 
measured ethmoid area as a proxy for MOE area when data were not available in the 
literature. Line drawing adapted from Smith et al. (2007).  
 
 The MOS detects volatile stimuli using olfactory sensory neurons expressed in the 
olfactory epithelium (OE) of the nasal mucosa. Olfactory sensory neurons are encoded by 
the large and genomically scattered olfactory receptor (OR) superfamily (Buck and Axel, 
1991; Firestein, 2001; Hayden et al., 2010) and expressed in the main olfactory 
epithelium (MOE).  These nerves pass through the cribriform plate of the ethmoid bone 
and connect to the brain’s main olfactory bulb yielding information relating to diet, 
activity pattern, habitat, sociosexual signals, and potentially navigation (Baron et al., 
1983; Hayden et al., 2010; Jacobs, 2012).  On the other hand, the VNS is specialized for 
the detection of non-volatile stimuli that may play a role in innate responses to odorants 
responsible for sociosexual behaviours and predator avoidance (Doving and Trotier, 
1998; Papes et al., 2010; Fortes-Marco et al., 2013).  The peripheral sensory organ of the 
VNS is the vomeronasal organ (VNO), which is comprised of bilateral epithelial tubes 
situated at the anterior base of the nasal cavity (Doving and Trotier, 1998).  In most 
mammals, vomeronasal sensory neurons are expressed in the VNO and their axons 
project to a distinct brain structure, the accessory olfactory bulb.  Vomeronasal receptors 
are encoded by two gene families (V1R and V2R) that are distributed across most 
chromosomes (Roppolo et al., 2007).  
 Despite considerable variation in the olfactory chemosensory systems of 
mammals (Moulton, 1967; Grus et al., 2005; Hayden et al., 2010), little work has 
explored the relationship between the genomic and anatomical correlates of each 
82
	  olfactory system.  In other words, do mammals with well-developed olfactory 
chemosensory anatomy have relatively well-developed receptor gene families?  
Hildebrand and Shepherd (1997) suggested that receptor cell density (relating to 
epithelial distribution) would be greater in taxa with larger numbers of olfactory receptor 
genes.  In addition, a positive relationship between the anatomic and genomic diversity 
has been hypothesized for both the MOS (Issel-Tarver and Rine, 1997) and the VNS 
(Dawley, 1998). Qualitative studies support a relationship between VNO complexity and 
VNS gene family evolution (Grus et al., 2005; Grus et al., 2007; Zhang, 2007; Young et 
al., 2010; Zhao et al., 2011).  In addition, quantitative studies of anatomy in birds (Steiger 
et al., 2008) and ecological behavior in mammals (Hayden et al., 2010) have shown clear 
links between genomic and phenotypic evolution of the olfactory chemosensory systems.  
 Along the lines of these earlier studies, we predict that mammals with larger 
chemosensory gene family repertoires will have larger and more complex peripheral 
chemosensory organs.  Conversely, in mammals with smaller chemosensory gene family 
repertoires we predict a correspondent decrease in anatomical size and/or complexity of 
their sensory organs.   In this study we quantitatively test this prediction in a diverse set 
of mammals.   We use phylogenetic least squares regression to test whether anatomical 
features of the MOS and VNS, such as anatomical complexity and relative and absolute 
size of sensory organs, are related to features of the chemoreceptor gene families, such as 
the absolute and relative numbers of functional receptor genes.  We interpret any 
correlation among these variables as evidence for natural selection’s role in shaping the 
evolution of both anatomy and underlying genetics of these olfactory chemosensory 
systems. 
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   In addition to the relationships within the MOS and VNS, there is considerable 
debate on the relationship between these two olfactory chemosensory systems.  The dual 
olfactory hypothesis states that each system is adapted to detect specific types of stimuli, 
namely that the MOS is adapted to detect a broad range of ecological cues while the VNS 
is specifically adapted to detect pheromones (Powers and Winans, 1975; Scalia and 
Winans, 1975; Aujard, 1997; Smith et al., 1997; Doving and Trotier, 1998). Yet, other 
studies suggest that there is substantial functional overlap between the MOS and the 
VNS, and particularly that the VNS is not uniquely adapted for pheromone detection 
(Bhatnagar and Smith, 2001; Pause, 2004; Baxi et al., 2006; Martinez-Garcia et al., 
2009). To address these questions, we use phylogenetic least squares regression to test 
whether anatomical and genomic features of the MOS and VNS are correlated with one 
another. 
 
MATERIALS AND METHODS 
Anatomical Data  
 We characterized anatomical diversity of the olfactory subsystems for 32 
mammals, following the sampling of the genomic analysis of Young et al. (Young et al., 
2010).  We collected data on the VNO and the surface area of the main olfactory 
epithelium (MOE) (the peripheral sensory organ of main olfaction) (Fig. 4.1). Due to the 
destructive nature of histological methods, data on the sensory epithelium of the VNO or 
MOE have not been published for all taxa. When possible, epithelial structure of the 
VNO was recorded from the literature documenting histology and categorized using 
criteria from Takami (Takami, 2002) who described the VNO of a wide range of 
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  tetrapods and Smith et al. (2001) who described it in primates (Table 4.1). In this analysis 
VNO category was treated as a continuous variable given that each character state 
represents decreasing complexity on a continuum rather than a discrete morphological 
trait. Length of the VNO was also recorded when presented in the literature. When these 
data were unavailable, we used an osteological proxy to estimate VNO length in cranial 
specimens, the vomeronasal groove (VNG) (Smith et al., 2011c). We used ethmoid area 
as a proxy for MOE surface area, following Pihlstrӧm et al. (2005). Ethmoid area and 
skull area (to correct for size) were recorded from Pihlstrӧm et al. (2005) where available.  
Size-adjusted ethmoid area was calculated by dividing ethmoid area by skull area. Taxa 
without published data on VNO length or ethmoid area were CT scanned at the American 
Museum of Natural History Microscopy and Imaging Facility in New York, NY. VNG 
length was collected using ImageJ software (Abramoff et al., 2004), and ethmoid and 
skull area data were extracted from 3-D rendered images using Avizo Standard software. 
Published data on head and body length (HBL) were used to correct for size of the VNO 
(Table 4.2 and references therein). Size adjusted VNO length was calculated by dividing 
VNO length by HBL. The anatomical variables include VNO category, VNO length 
(mm), and ethmoid area (mm2). We used both size-corrected and non-corrected values in 
the analysis (see discussion on scaling patterns of sensory organs below), and 
implemented the natural log transformation for non-corrected anatomical variables. When 
calculating the natural log transformation for VNO length, we added one to our variable 
prior to transformation so all values were positive.  
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Six defined character states of the mammalian VNO based on descriptions of epithelial 
distribution in the literature. VNNE = vomeronasal neuroepithelium; VNS= vomeronasal 
system; RFE = receptor free epithelium; VNO = vomeronasal organ. 
 
Gene Family Data 
 We compiled data on the olfactory genomes by recoding published values 
reported in Hayden et al. (2010) and Matsui et al. (2010) for the OR gene family, and 
Young et al. (2010) for the V1R gene family. From these data, we calculated the total 
number of genes, the total number of presumed functional/intact genes, and the 
proportion of functional/intact genes for both gene families (Table 4.2). A second type of 
vomeronasal receptor genes, V2R, was not included in the analysis because functional 
V2R genes have only been identified in a small number of mammals (Grus et al., 2007; 
Hohenbrink et al., 2013).  
Quantitative Methods 
 We tested for relationships within and between the anatomical and genetic 
components of the MOS and VNS using phylogenetically-corrected generalized least 
squares regression (PGLS) using the caper package (Orme et al., 2011) of R (R 
Table 4. 1. VNO Categories 
VNO 
Category Description Reference 
1 
Well-developed VNNE, connective 
tissue components penetrate VNNE, 
segregated VNS 
29 
2 Well-developed: VNNE medially with thin lateral RFE 30 
3 VNNE only 30 
4 VNNE interrupted by RFE 30 
5 Respiratory-like epithelium, VNO displaced superiorly 30 
6 Absent 30 
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  Development Core Team, 2010). We used a pruned version of the mammalian supertree 
of Bininda-Emonds et al. (2007) for all analyses. The integrated likelihood function of 
caper was used estimate the phylogenetic scaling parameter l (Pagel, 1999). To correct 
for Type I error when performing multiple tests, we used Benjamini and Yekutieli’s 
(2001) false discovery rate approach, as well as the Bonferroni correction to rescale 
significance levels (calculated in R using p.adjust) (R Development Core Team, 2010). 
 
87
Table 4. 2. Data used in this study. 
Genus Common Name 
VNO 
Cat. Ref. 
VNO 
Length 
(mm) 
Re
f. 
Head 
and 
Body 
Length 
(HBL) 
(mm) 
Ref. 
Ethmoid 
Area 
(mm2) 
Ref. 
Skull 
Area 
(mm2) 
Ref. Specimen Numbers§ 
Total 
OR 
Genes* 
Functional 
OR 
Genes* 
Total 
V1R 
Genes† 
Intact 
V1R 
Genes† 
Bos Cow 2 [2] 85 [3] 2000 [4] 1386 [5] 44791 [5] - 2381 1583 83 40 
Canis Dog 2 [6] 14.5 [6] 1200 [7] 578 [5] 14055 [5] - 1044 883 63 9 
Callithrix Marmoset 3 [8] 2.52 
Th
is 
stu
dy 
183 [9] 13.88 [5] 914.48 [5] 
CJ21 
(VNO), 
AMNH 
95922 
(Ethmoid) 
624 366 63 8 
Cavia Guinea Pig 1 [10] 7 
[1
0] 250 [9] 22.8 [5] 1252 [5] - 1681 561 262 89 
Dasypus Armadillo 2 [11] 18 
[1
1] 450 [7] 334 [5] 2417 [5] - 3146 1146 181 55 
Echinops Tenrec 2 [12] 1.6 [12] 160 [7] 16.09 
This 
study 377.3 
This 
study 
AMNH 
170605 925 585 32 8 
Equus Horse 2 [2] 85 [3] 2500 [9] 1408 [5] 70447 [5] - 2311 1459 93 36 
Erinaceus Hedgehog 2 [12] No data - 225 [7] 942 [5] 1444 [5] - 625 295 114 64 
Felis Cat 2 [13] 15 [13] 460 [14] 89.5 [5] 4047 [5] - 850 508 89 28 
Gorilla Gorilla 5 [15] Absent - 1600 [9] 135 [5] 25946 [5] - 598 264 115 3 
Homo Human 5 [16] Absent - 1734 [17] 132 [5] 17018 [5] - 833 581 116 3 
Loxodonta Elephant 2 [18] 135 [19] 7000 [9] 4840 [5] 306160 [5] - 4364 1988 128 33 
Macaca Macaque 6 [20] Absent - 553 [9] 27.2 [5] 7499 [5] - 733 464 60 0 
Macropus Tamar wallaby 2 [21] 40 
[2
1] 600 
[22
] No data  No data  - No data No data 202 89 
Microcebu
s 
Mouse 
Lemur 2 [15] 6.32 
Th
is 
stu
dy 
121 [9] 17.6 [5] 734 [5] 
P1845, 
P859, 
P1462 
977 573 259 214 
Monodelph
is Opossum 2 [23] 8 
[2
3] 131 [24] 126.29 [5] 376.89 [5] 
AMNH 
261241 1383 1273 130 95 
Mus Mouse 1 [25] 3 [26] 80 [26] 7.95 [5] 188 [5] - 1264 1190 392 239 
Myotis Bat 6 [27] Absent - 80 [28, 8.2 [5] 263 [5] - 659 381 24 0 
	  29] 
Nomascus Gibbon 5 [20] Absent - 546 [9] 77.02 This study 5683.97 
This 
study 
AMNH 
87251 No data No data 110 2 
Ornitho-
rhynchus Platypus 2 [30] 7 
[3
0] 400 [9] No data - No data - - 746 433 1405 283 
Oryctolagu
s Rabbit 2 [25] No data - 400 [7] 68 [5] 2879 [5] - 977 604 283 159 
Otolemur Galago 2 [31] 7.53 
Th
is 
stu
dy 
328 [9] 41.5 [5] 2031 [5] 
P2789, 
P2882, 
P2845, 
P2855, 
P8869, 
P8834, 
P8860, 
P517, 
P8813, 
P8859 
802 432 133 78 
Pan Chimp 5 [32] Absent - 839 [9] 49.03 This study 14384.01 
This 
study 
AMNH 
167344 865 550 106 4 
Papio Baboon 6 [15] Absent - 696 [9] 36.165 This study 8596.24 
This 
study 
AMNH 
82185 No data No data 94 3 
Pongo Orangutan 5 [15] Absent - 875 [9] 75 [5] 30149 [5] - 931 511 178 5 
Procavia Hyrax 2 [33] No data - 600 [7] 100.47 This study 2183.53 
This 
study 
AMNH 
81213 678 316 121 36 
Pteropus Bat 6 [27] Absent - 260 [29] 43 [5] 1721 [5] - 672 345 49 0 
Rattus Rat 1 [25] 8 [25] 192 [9] 21.1 [5] 697 [5] - 1713 1420 219 108 
Sorex Shrew 2 [12] No data - 66 [7] 12.5 [5] 186 [5] - 1778 1028 117 77 
Tarsius Tarsier 3 [34] 1.01 
Th
is 
stu
dy 
111 [9] 27.46 This study 1183.7 
This 
study 
Tb-1 
(VNO), 
AMNH 
203297 
(Ethmoid) 
344 88 266 42 
Tupaia Treeshrew 2 [35] 9.8 
[3
5] 170 [9] 83.57 
This 
study 2197.15 
This 
study 
AMNH 
54714 2176 985 180 96 
Tursiops Dolphin 6 [36] Absent - 2870 [7] No data - No data - - 26 12 33 0 
* = All OR data from Hayden et al. (Hayden et al., 2010) except Callithrix from Matsui et al. (Matsui et al., 2010).  † = All V1R data 
from Young et al. (Young et al., 2010). § AMNH=American Museum of Natural History, N.Y.; all others from T. Smith, Slippery 
Rock University, Penn. 
	  RESULTS 
 Data for multiple variables were collected or compiled for 32 different species of 
mammals (Table 4.2).  From these data, 11 variables were extracted for analysis.  For the 
MOS, we analysed 3 genomic features of the mammalian OR superfamily: the total 
number of OR genes, the number of functional OR genes, and the proportion of 
functional OR genes.  As an anatomical index of the MOS we examined the absolute and 
relative area of the cribriform plate of the ethmoid bone (referred to as ethmoid area), a 
predictor of the size and performance of the MOS (Pihlstrom et al., 2005).   
 Phylogenetically-corrected regressions show that absolute ethmoid area is 
positively correlated with both the total and functional number of OR genes (Tables 4.3, 
4.4, Fig. 4.2A, 4. 3). There is no relationship between the proportion of functional OR 
genes and any other variable, though smaller bodied mammals (e.g. rodents) appear to 
have higher proportions of functional OR genes compared to larger mammals (Fig. 
4.2A).  
 For the VNS, we examined three genomic features of the main family of receptor 
genes (V1R): the total number of V1R genes, the number of intact V1R genes, and the 
proportion of intact V1R genes.  We examined three anatomical variables of the VNO: its 
overall complexity, as well as its absolute and relative length.  
 Within the VNS, the proportion of intact V1R genes is positively correlated with 
both the absolute and relative length of the VNO and its anatomical complexity (Tables 
4.3, 4.4, Fig. 4.2B, 4.4) based on phylogenetically-corrected regressions.  Additionally, 
VNO complexity scales with absolute and relative VNO length.  As in the MOS, there 
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  are highly significant positive correlations among variables, suggesting that natural 
selection has shaped the genomic and anatomical variation of the VNS together.   
 There are few significant relationships between the MOS and VNS, and those that 
exist could be explained by changes in body size (Tables 4.3, 4.4, Fig. 4.5).  Significant 
relationships exist between VNO length and several variables within the MOS, including 
ethmoid area, the total number of OR genes, and the number of functional OR genes. 
These relationships likely reflect the relationship between overall size and the MOS (see 
discussion), given the significant relationship between VNO length and body length (p. 
value <0.01) (Fig. 4.6). 
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Table 4. 3. Pairwise comparisons of variables using phylogenetically corrected least squares regression.   
	  
 
VNS-Related Variables 
 
MOS-Related Variables 
  Total 
V1R 
Genes 
Intact 
V1R 
Genes 
Prop. 
Intact 
V1R 
Genes 
VNO 
Category 
Log 
VNO 
Length  
Size 
Adj. 
VNO 
Length 
Total 
OR 
Genes 
Func. 
OR 
Genes 
Prop. 
Func. 
OR 
Genes 
Log 
Ethmoi
d Area 
Log Size 
Adj. 
Ethmoid 
Area 
Total V1R Genes  5E-08 0.731 0.252 0.993 0.960 0.964 0.898 0.987 0.714 0.965 
Intact V1R Genes 0.508  5E-06 0.007 0.753 0.007 0.999 0.851 0.219 0.294 0.461 
Prop. Intact V1R Genes 0.010 0.388  2E-07 0.001 1E-10 0.179 0.026 0.175 0.998 0.048 
VNO Category 0.046 0.164 0.474  2E-07 2E-06 0.012 0.004 0.761 0.333 0.063 
Log VNO Length 0.000 0.011 0.253 0.530  7E-06 2E-08 2E-08 0.905 1E-06 0.767 
Size Adj. VNO Length 0.002 0.191 0.703 0.474 0.429  0.004 0.001 0.552 0.502 0.057 
Total OR Genes 0.001 0.000 0.064 0.161 0.651 0.238  1E-13 0.922 4E-04 0.786 
Functional OR Genes 0.004 0.006 0.134 0.201 0.664 0.305 0.802  0.008 0.002 0.882 
Prop. Func. OR Genes 0.000 0.056 0.065 0.010 0.004 0.026 0.003 0.176  0.927 0.941 
Log Ethmoid Area 0.012 0.045 0.000 0.041 0.528 0.030 0.308 0.248 0.003  0.392 
Log Size Adj. Ethmoid Area 0.001 0.029 0.112 0.102 0.012 0.124 0.010 0.005 0.002 0.035  
The top left quadrant denotes VNS related variables and comparisons; bottom right denotes MOS; and top right/bottom left denotes 
comparisons between the VNS and MOS.  Above diagonal: Probability values for each of the pairwise phylogenetically-corrected 
least squares regression. Blue p values are those significant after controlling the false discovery rate using the method of Benjamini 
and Yekutieli (Benjamini and Yekutieli, 2001). Red p values are those significant after both the Bonferroni correction and the false 
discovery method.  Below diagonal: R2 values for each pairwise comparison. 
 
 
 
Table 4. 4. PGLS Results 
Pairwise Comparison λ R2 F DF P. val. (F) β 
P. val. 
(β) 
Sig. 
Level α 
P. val. 
(α) 
Functional OR Genes ~ Proportion of Functional OR Genes 0 0.176 5.75 2, 27 0.008 1235.63 0.024  <0.05 7.00 0.982 
Functional OR Genes ~log Size Adjusted Ethmoid Area (mm2) 1 0.005 0.13 2, 25 0.882 -33.27 0.725  n.s. 841.64 0.077 
Intact V1R Genes ~ Functional OR Genes 1 0.006 0.16 2, 27 0.851 0.01 0.690  n.s. 116.99 0.021 
Intact V1R Genes ~ Log Ethmoid Area (mm2) 1 0.045 1.28 2, 27 0.294 -7.37 0.267  n.s. 104.09 0.065 
Intact V1R Genes ~ log Size Adjusted Ethmoid Area (mm2) 1 0.029 0.80 2, 27 0.461 9.46 0.380  n.s. 96.06 0.086 
Intact V1R Genes ~ Proportion of Functional OR Genes 1 0.056 1.61 2, 27 0.219 84.99 0.215  n.s. 71.64 0.241 
Intact V1R Genes ~ Proportion of Intact V1R Genes 1 0.388 19.00 2, 30 5.E-06 184.92 1.E-04 B 54.74 0.133 
Intact V1R Genes ~ Size Adjusted VNO Length (mm) 1 0.191 6.12 2, 26 0.007 1635.15 0.020  <0.05 66.91 0.139 
Intact V1R Genes ~ Total Number of OR Genes 1 0.000 0.00 2, 27 0.999 0.00 0.975  n.s. 124.22 0.014 
Intact V1R Genes ~ Total Number of V1R Genes 1 0.508 30.91 2, 30 5.E-08 0.26 5.E-06 B 4.58 0.899 
Log Ethmoid Area (mm2) ~ Functional OR Genes 0.94 0.248 8.26 2, 25 0.002 0.00 0.008  BY 2.93 0.029 
Log Ethmoid Area (mm2) ~ Proportion of Functional OR Genes 1 0.003 0.08 2, 25 0.927 -0.52 0.785  n.s. 4.95 0.012 
Log Ethmoid Area (mm2) ~ Total Number of OR Genes 0.94 0.308 11.10 2, 25 4.E-04 0.00 0.003  B 3.04 0.016 
Log Ethmoid Area (mm2) ~log Size Adjusted Ethmoid Area (mm2) 1 0.035 0.97 2, 27 0.392 0.30 0.333  n.s. 5.51 0.001 
log Size Adjusted Ethmoid Area (mm2) ~ Proportion of Functional OR 
Genes 0.97 0.002 0.06 2, 25 0.941 0.28 0.806  n.s. -2.95 0.010 
Log VNO Length (mm) ~ Functional OR Genes 1 0.664 41.60 2,23 2.E-08 0.00 1.E-06 B 0.28 0.666 
Log VNO Length (mm) ~ Log Ethmoid Area (mm2) 1 0.528 25.77 2, 23 1.E-06 0.55 4.E-05 B -0.36 0.678 
Log VNO Length (mm) ~ log Size Adjusted Ethmoid Area (mm2) 1 0.012 0.27 2, 23 0.767 0.15 0.610  n.s. 2.64 0.055 
Log VNO Length (mm) ~ Proportion of Functional OR Genes 1 0.004 0.10 2, 23 0.905 0.48 0.754  n.s. 1.82 0.196 
Log VNO Length (mm) ~ Total Number of OR Genes 1 0.651 42.90 2, 23 2.E-08 0.00 1.E-06 B 0.49 0.445 
Log VNO Length ~ Intact V1R Genes 1 0.011 0.29 2, 26 0.753 0.00 0.597  n.s. 2.05 0.058 
Log VNO Length ~ Proportion of Intact V1R Genes 1 0.253 8.82 2, 26 0.001 3.38 0.006  BY 1.14 0.208 
Log VNO Length ~ Size Adjusted VNO Length (mm) 1 0.429 19.49 2, 26 7.E-06 52.60 2.E-04 B 0.60 0.458 
Proportion of Intact V1R Genes ~ Functional OR Genes 1 0.134 4.17 2, 27 0.026 0.00 0.051  <0.05 0.26 0.093 
Proportion of Intact V1R Genes ~ Log Ethmoid Area (mm2) 1 0.000 0.00 2, 28 0.998 0.00 0.962  n.s. 0.44 0.026 
	  Proportion of Intact V1R Genes ~ log Size Adjusted Ethmoid Area 
(mm2) 1 0.112 3.40 2, 27 0.048 0.06 0.076  <0.05 0.63 0.001 
Proportion of Intact V1R Genes ~ Proportion of Functional OR Genes 1 0.065 1.86 2, 27 0.175 0.31 0.184  n.s. 0.19 0.343 
Proportion of Intact V1R Genes ~ Total Number of OR Genes 1 0.064 1.84 2, 27 0.179 0.00 0.187  n.s. 0.31 0.053 
Size Adjusted VNO Length (mm) ~ Functional OR Genes 1 0.305 10.09 2, 23 0.001 0.00 0.004  B 0.01 0.213 
Size Adjusted VNO Length (mm) ~ Log Ethmoid Area (mm2) 1 0.030 0.71 2, 23 0.502 0.00 0.408  n.s. 0.03 0.096 
Size Adjusted VNO Length (mm) ~ Proportion of Functional OR Genes 1 0.026 0.61 2, 23 0.552 0.01 0.443  n.s. 0.02 0.225 
Size Adjusted VNO Length (mm) ~ Proportion of Intact V1R Genes 1 0.703 61.52 2, 26 1.E-10 0.07 3.E-08 B 0.01 0.243 
Size Adjusted VNO Length (mm) ~ Total OR Genes 1 0.238 7.18 2, 23 0.004 0.00 0.013  <0.05 0.02 0.135 
Size Adjusted VNO Length (mm) ~log Size Adjusted Ethmoid Area 
(mm2) 1 0.124 3.26 2, 23 0.057 0.01 0.084  n.s. 0.05 0.003 
Total Number of OR Genes ~ Functional OR Genes 1 0.802 109.60 2, 27 1.E-13 1.65 5.E-11 B -26.79 0.931 
Total Number of OR Genes ~ log Size Adjusted Ethmoid Area (mm2) 1 0.010 0.24 2, 25 0.786 -87.10 0.626  n.s. 1256.58 0.157 
Total Number of OR Genes ~ Proportion of Functional OR Genes 1 0.003 0.08 2, 27 0.922 284.54 0.777  n.s. 1094.47 0.229 
Total Number of V1R Genes ~ Functional OR Genes 1 0.004 0.11 2, 27 0.898 -0.02 0.744  n.s. 486.47 0.001 
Total Number of V1R Genes ~ Log Ethmoid Area (mm2) 1 0.012 0.34 2, 27 0.714 -5.62 0.564  n.s. 166.97 0.046 
Total Number of V1R Genes ~ Log VNO Length (mm) 1 0.000 0.01 2, 26 0.993 2.23 0.933  n.s. 455.77 0.002 
Total Number of V1R Genes ~ Proportion of Functional OR Genes 1 0.000 0.01 2, 27 0.987 -21.52 0.911  n.s. 482.33 0.009 
Total Number of V1R Genes ~ Proportion of Intact V1R Genes 1 0.010 0.32 2, 30 0.731 84.22 0.578  n.s. 430.17 0.002 
Total Number of V1R Genes ~ Size Adjusted VNO Length (mm) 1 0.002 0.04 2, 26 0.960 423.46 0.842  n.s. 447.07 0.003 
Total Number of V1R Genes ~ Total Number of OR Genes 1 0.001 0.04 2, 27 0.964 -0.01 0.850  n.s. 477.83 0.001 
Total Number of V1R Genes ~log Size Adjusted Ethmoid Area (mm2) 1 0.001 0.04 2, 28 0.965 -2.85 0.850  n.s. 143.60 0.078 
VNO ~log Size Adjusted Ethmoid Area (mm2) 1 0.102 3.07 2, 27 0.063 -0.39 0.091  n.s. 1.22 0.295 
VNO Category ~ Functional OR Genes 1 0.201 6.79 2, 27 0.004 0.00 0.015  <0.05 3.29 0.002 
VNO Category ~ Intact V1R Genes 1 0.164 5.90 2, 30 0.007 -0.01 0.021  <0.05 3.39 0.001 
VNO Category ~ Log Ethmoid Area (mm2) 1 0.041 1.15 2, 27 0.333 -0.15 0.294  n.s. 3.02 0.018 
VNO Category ~ Log VNO Length (mm) 1 0.530 29.31 2, 26 2.E-07 -0.78 0.000  B 4.15 0.000 
VNO Category ~ Proportion of Functional OR Genes 1 0.010 0.28 2, 27 0.761 -0.81 0.603  n.s. 2.79 0.052 
VNO Category ~ Proportion of Intact V1R  1 0.474 26.99 2, 30 2.E-07 -4.61 1.E-05 B 3.97 0.000 
VNO Category ~ Size Adjusted VNO Length (mm) 1 0.474 23.46 2, 26 2.E-06 -59.48 5.E-05 B 4.28 0.000 
VNO Category ~ Total Number of OR Genes 1 0.161 5.19 2, 27 0.012 0.00 0.031  <0.05 3.07 0.004 
VNO Category ~ Total Number of V1R Genes 1 0.046 1.44 2, 30 0.252 0.00 0.239  n.s. 3.07 0.010 
PGLS output for all of the pairwise comparisons calculated in this study.  DF = degrees of freedom.  In “Sig. Level” “B” = significant 
after both Bonferroni and Benjamini and Yekutieli (Benjamini and Yekutieli, 2001) corrections; “BY” = significant after Benjamini 
and Yekutieli correction; “<0.05” = P. value is <0.05 but not significant after the Bonferroni and BY corrections; “n.s”. = not 
significant. 
	  	  
Figure 4. 2. Relationships among selected VNS and MOS variables. Fig. 2A shows the total number of OR genes on the Y-axis and 
absolute ethmoid area on the X-axis.  The size of each point reflects the proportion of functional OR genes, which is not significantly 
related to ethmoid area.  The color of each point indicates the overall size of each particular mammal (log head & body length).  Fig. 
2B shows size adjusted VNO length on the X-axis and the proportion of intact V1R genes on the Y-axis.  The size of each point 
reflects the morphological complexity of the VNO, which is also positively correlated with both size adjusted VNO length and the 
proportion of intact V1R genes. The color of each point indicates the overall size of each particular mammal (log head & body length). 
Scatterplots of all comparisons appear in Figs. 3-5 and all regression statistics appear in Table 4. 
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Figure 4. 3. Pairwise scatterplots of all MOS-related variables.  When significant (see 
Table 4), a PGLS regression line is shown. 	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Figure 4. 4. Pairwise scatterplots of all VNS-related variables.  When significant (see 
Table 4), a PGLS regression line is shown.
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Figure 4. 5.	  Pairwise scatterplots between the VNS- and MOS-related variables.  When 
significant (see Table 4), a PGLS regression line is shown. 
99
	  	  
Figure 4. 6.	   Scatterplot of head and body length (log transformed) and VNO length (all 
had the addition of 1 and then were log transformed).  A PGLS regression was significant 
(P. < 0.01) and the PGLS regression line is shown.  The regression statistics were as 
follows: λ=1; R2=0.187; F=5.997, d.f.=2 and 26; P. val. (F)=0.007; β=0.505; P. val. 
(β)=0.02; α=-0.68; P. val. (α)=0.65. 
	  	  	  
DISCUSSION 
 Within each olfactory chemosensory system, there are features of chemosensory 
anatomy that are strongly related to specific aspects of their constituent gene families. 
Interestingly, these relationships differ in the MOS and VNS.  The VNS is modulated in 
proportional terms—the proportion of intact V1R genes relates to multiple aspects of 
VNO anatomy, including its relative size. This is supported by the large proportion of 
variance explained by the linear relationship between percentage of intact V1R genes and 
the relative size of the VNO (R2=0.70), which was comparatively larger than all other 
coefficients of determination among the VNS variables (Tables 4.2, 4.4).  On the other 
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  hand, the MOS responds in absolute terms, both in anatomical size and numbers of OR 
genes. Indeed, functional studies show that the absolute size of the olfactory organ is 
closely related to olfactory sensitivity, rather than its relative size (Pihlstrom et al., 2005).  
The pattern is somewhat similar in birds, where the relative olfactory bulb size is related 
to the absolute number of OR genes (Steiger et al., 2008).  Both our findings and those of 
Steiger et al. (2008) support a link between absolute numbers of OR genes and olfactory 
ability (Niimura and Nei, 2006). 
 Furthermore, there are fewer significant relationships between the MOS and VNS, 
except for a relationship between VNO length and ethmoid area, the total number of OR 
genes, and the number of functional OR genes.  These likely reflect the relationship 
between overall body size and the MOS, an interpretation in line with observations by 
Pihlström et al. (2005) that the MOS is not under size constraints that might limit other 
sensory organs. In the VNS, on the other hand, we find that relative size of the VNO and 
relative number of intact V1R genes is positively correlated suggesting that the VNS is 
limited by size constraints. Neither sensory neuron bodies nor cell density scale 
isometrically with body size, therefore absolutely larger surface areas for olfactory 
sensory neurons have a positive relationship with olfactory sensitivity (Smith et al., 2004; 
Pihlstrom et al., 2005).  Alternatively, the positive relationship between VNO length and 
OR gene repertoires could be the result of both olfactory chemosensory systems evolving 
to be more complex in taxa that are more reliant on olfaction. Additionally, selection for 
larger surface areas for main olfactory and vomeronasal neuroepithelium could result in 
larger nasal cavity size, potentially driving absolute sizes of the ethmoid area and VNO 
together.  
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   We interpret these findings as evidence that natural selection has worked to shape 
the genomic and anatomical variation of both chemosensory systems, though selection 
may not act on them in a tightly correlated fashion.  The MOS may respond to selective 
pressure in absolute terms, i.e. in absolute size and total number of functional gene 
copies.  Indeed, it may be constrained to respond in an absolute size dependent manner 
(Pihlstrom et al., 2005).  The VNS appears to respond to selection by varying relative size 
and complexity of its constituent features. Mammals that are more reliant on vomeronasal 
olfaction maintain larger proportions of their V1R genes as functional in a relatively 
longer and more complex VNO. Mammals that are less reliant on the VNS are under 
reduced selection to maintain complex VNOs and functional genes, thereby allowing for 
the accumulation of pseudogenes.  This would account for lower percentages of 
functional genes in species with a less complex and relatively smaller VNO. These 
differences in the evolutionary patterns of the MOS and VNS can be interpreted to extend 
the differential tuning hypothesis (Grus and Zhang, 2008), which states that each 
olfactory chemosensory system is under a distinct selective regime where the MOS is 
broadly tuned to detect a wide range of odorants, while the VNS is more finely tuned and 
under lineage-specific selection. Our results suggest that the differential tuning 
hypothesis (Grus and Zhang, 2008) can be extended to include differences in the specific 
anatomical and genomic responses of the VNS and MOS to selective pressures. While 
our results do not bear on the distinct functions of each olfactory system, they support 
increasing evidence for the role of the VNS in innate responses to sociosexual and 
predator information, while the MOS may respond to a broader set of stimuli including 
some overlap in detecting sociosexual and predator odorants (Fortes-Marco et al., 2013).  
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   One noteworthy caveat is apparent when considering the MOS of the smallest and 
largest mammals.  In Figure 4.2A, the mouse (red), has a very high proportion of 
functional OR genes yet its absolute number of functional OR genes is unremarkable.  
The elephant (blue) has an exceptionally large absolute number of functional OR genes, 
yet the proportion of functional genes is modest.  This may be interpreted as two size-
specific strategies.  Smaller mammals may increase their proportion of functional OR 
genes as a size-limited “macrosmatic” strategy constrained by their smaller available 
surface area for sensory neurons. Additionally, the significant relationship between 
relative VNO length and the number of functional OR genes reflect an enhanced 
olfactory ability in the largest mammals.  As such, larger mammals may have greater 
capacity to pursue an overall “macrosmatic” sensory strategy.  Additional work is needed 
to determine how size affects the different olfactory chemosensory systems and sensory 
strategies of mammals, especially in the largest and smallest species. 
 These results also bear on the debate over the relative contributions of adaptive 
and random processes in the evolution of the MOS and VNS receptor gene families (Nei 
et al., 2008).  Interestingly, some genetic analyses provide evidence for adaptive 
evolution within the OR and V1R gene families (Rouquier et al., 2000; Gilad et al., 2003; 
Gilad and Lancet, 2003; Mundy and Cook, 2003; Shi et al., 2005; Hohenbrink et al., 
2012), while others suggest that random processes also play a role (Niimura and Nei, 
2007; Nozawa et al., 2007; Zhang, 2007; Nei et al., 2008; Perry et al., 2008).  Hayden et 
al. (2010) recently argued for an adaptive interpretation of OR gene family evolution 
based on relationships between OR types and ecology in a wide array of mammalian 
species.  Our analyses are similarly supportive of an adaptive interpretation for both the 
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  MOS and VNS, given the close relationship among multiple genomic and anatomical 
variables across mammals.  Taken together, there is evidence for adaptive evolution in 
the mammalian olfactory chemosensory systems from evidence based on gene sequences 
(e.g. Gilad et al., 2003; Shi et al., 2005), receptor copy numbers (e.g. Niimura and Nei, 
2007; Young et al., 2010), anatomical diversity (e.g. Young et al., 2010), and ecological 
parameters (e.g. Hayden et al., 2010).  A challenge remains in reconciling the compelling 
evidence for neutral interpretations of olfactory chemoreceptor gene family evolution 
(Niimura and Nei, 2007; Nozawa et al., 2007; Zhang, 2007; Nei et al., 2008; Perry et al., 
2008) with these multiple levels of evidence for the adaptive evolution in the olfactory 
chemosensory systems of mammals. 
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  CHAPTER 5: EFFECTS OF SOCIOECOLOGICAL VARIABLES ON 
SIZE-ADJUSTED VOMERONASAL GROOVE LENGTH AND 
IMPLICATIONS FOR EFFECTS ON THE VOMERONASAL SYSTEM 
 
Abstract: The vomeronasal system is adapted to detect and mediate responses to 
conspecific as well as allospecific odorants that encode information relevant to 
reproduction and predator avoidance. Thus selection on the vomeronasal system (VNS) 
should be strongly affected by sociosexual cues, life history variables, and ecological 
adaptations. To test the hypothesis that the VNS is affected by socioecological variables, 
phylogenetic statistical methods were implemented by comparing size-adjusted 
vomeronasal groove (VNG) length (a proxy for the vomeronasal organ) for different 
activity cycles, mating systems, color vision categories, and life history variables. Results 
imply that activity cycle has little effect on size-adjusted VNG length when phylogeny is 
accounted for, while mating system, color vision phenotypes, and certain life history 
variables have significant effects in some groups of primates. Sexual selection is likely to 
strongly affect the VNS in strepsirhines, while color vision phenotype contributes to 
relaxed selection on the VNS in haplorhines. Additional variables, such as spatial 
distribution of congeneric species, sociality, and predation should be considered in future 
studies, as they likely also have strong influences on the vomeronasal system in primates.   
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  INTRODUCTION  
 The vomeronasal system (VNS) appears to mediate innate responses to non-
volatile odorants of either pheromonal or kairomonal nature. Pheromones are odorants 
that produce a response in conspecifics, while kairomones produce a response to odorants 
from predators (Papes et al., 2010; Isogai et al., 2011; Fortes-Marco et al., 2013). For 
some species, pheromones are critical in initiating mating and are potentially important in 
maintaining species boundaries (Yoder et al., 2014).  
 Socio-ecological factors are likely to affect the development of the VNS in 
mammals. For instance, Wang et al. (2010) found that larger functional V1R repertoires 
were found in nocturnal species using nests compared to more open-living diurnal 
species. Several studies on the composition of volatile odors found in urine and glandular 
secretions in strepsirhines have found that odor complexity varies substantially with 
socio-ecological factors (delBarco-Trillo et al., 2011; delBarco-Trillo et al., 2012; 
delBarco-Trillo et al., 2013; Drea, 2014). For instance, urine marking appears to be a 
primary mode of scent marking in nocturnal strepsirhines, while marking via specialized 
scent glands is more common in diurnal species (delBarco-Trillo et al., 2011; delBarco-
Trillo et al., 2012; delBarco-Trillo et al., 2013; Drea, 2014). Additionally, there is 
evidence that more social species have much more complex odor composition (delBarco-
Trillo and Drea 2014). Dimorphism in odor composition also appears to vary with social 
structure, where sex-based odor complexity closely follows sex dominance in 
strepsirhines (Boulet et al., 2010). It stands to reason that anatomical variation of the 
olfactory sensory organs would also vary by some of these socio-ecological factors.  
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   Function of the VNS may also relate to the interplay of other sensory systems in 
mate choice and competition. For instance Suarez et al. (2011) found that Ga0 proteins, 
which appear to be the primary pathway for V2R gene expression, are absent in 
laurasiatheres and haplorhine primates (studies analyzing the Ga0 protein coding gene do 
not appear to include strepsirhines, which have functional V2R genes). The authors 
suggested that absence of this pathway corresponds to acquisition of sexual size 
dimorphism in these groups, which could be explained by visual signals replacing 
pheromone signals in mate-selection. Catarrhine primates are notable because they 
display the highest rates of sexual size dimorphism within the order Primates, and also 
have acquired trichromatic color vision, which mediates mate choice and competition 
(Changizi et al., 2006; Fernandez and Morris, 2007; Dubuc et al., 2009; Melin et al., 
2012). 
 Life history factors are also likely to play a role in the relative development of the 
VNS. The VNS mediates innate responses to odorants from conspecifics and predators, 
which may be maintained by selection in species with faster life history strategies. The 
main olfactory system (MOS) is capable of mediating similar social and anti-predator 
behaviors, but requires conditioning, acting as a “backup” in some ways for the VNS 
(Martínez-García et al., 2009; Fortes-Marco et al., 2013). Species relying on other 
sensory inputs for mate-selection and predator detection, and possibly those that can 
afford longer times for olfactory conditioning, may not experience strong selection on the 
VNS.  
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   In primates there are notable differences in the development of the VNS that 
could be related to each of these hypotheses. For instance, the largely nocturnal, nest-
using strepsirhines have a functional VNO and larger V1R repertoires (Smith et al., 2005; 
Smith et al., 2007a; Young et al., 2010; Garrett et al., 2013; Yoder et al., 2014). 
Strepsirhines also tend to have “faster” life history strategies, leading to shorter 
development periods before they must produce offspring (Kappeler, 1998). Haplorhines 
are largely diurnal, and a shift toward rearrangement of VNO epithelia, reduction in 
intact V1R and V2R genes, and loss of the VNO entirely are found in some members this 
clade (Smith et al., 2001; Smith et al., 2002; Liman and Innan, 2003; Smith et al., 2003b; 
Smith et al., 2003c; Rossie and Smith, 2007; Smith et al., 2007b; Young et al., 2010; 
Smith et al., 2011b; Hohenbrink et al., 2013; Yoder et al., 2014).  
 In this chapter, size-adjusted vomeronasal groove length (VNG) will be used as a 
proxy for size-adjusted VNO length, which has a strong relationship with the proportion 
of functional V1R genes across mammals (Garrett and Steiper, 2014). A series of 
phylogenetic ANOVA tests were conducted to determine the relationship between size-
adjusted VNG length and several socioecological variables. Additionally, life history 
variables obtained from the AnAge database (Tacutu et al., 2013) were regressed against 
size-adjusted VNG length to explore the relationships between life history strategies and 
the VNS.  
 
MATERIALS AND METHODS 
 The previous chapters have established that VNG length is an appropriate 
osteological proxy for VNO length in primates, and that size-adjusted VNO length is 
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  strongly related to the proportion of functional V1R genes across mammals (Smith et al., 
2011b; Garrett et al., 2013; Garrett and Steiper, 2014). Size adjusted VNG length is 
compared to several variables encompassing phylogeny, ecology, mating behavior, and 
life history strategies. VNG length was recorded for 53 primate, and 3 non-primate, 
species from micrographs of histologically sectioned specimens and from CT scans of 
cranial specimens (Table 5.1). Because phylogenetically corrected analyses were 
performed, species means had to be calculated as phylogenetic methods cannot currently 
be performed using multiple individuals from a species. Size-adjusted VNG length was 
calculated as the mean VNG length for each species divided by head and body length 
(HBL) values collected from the literature (Table 5.1). A consensus phylogeny was 
downloaded from the 10KTrees project (Arnold et al., 2010).  
 Data on activity cycle, mating system, and color vision categories were recorded 
from the literature (Table 5.1). Activity cycle was coded as diurnal, nocturnal, or 
cathemeral based on the time of day a species is predominantly active. Mating system 
was coded as monogamous, polygynous, polygynandrous, polyandrous, and dispersed 
polygynandrous (Dixson, 1998). Mating patterns are assumed to correlate with 
competition intensity, and are used as a proxy for sexual selection. Intrasexual 
competition, especially between males, should be relatively low in monogamous and 
polyandrous species, moderate in polygynandrous species where male:female ratios 
should be relatively equal, and high in polygynous and dispersed polygynandrous 
species. Color vision categories were documented for each species based on data 
available in the literature. Each species was scored as a monochromat, dichromat, 
polymorphic trichromat, or routine trichromat based on cone distribution and type. 
109
	  Monochromats have only a medium (M) or long (L) wavelength opsin on the X 
chromosome, dichromats have a combination of the short (S) wavelength opsin in the 
autosomes and one M/L opsin on the X chromosome, polymorphic trichromats are 
heterozygous for the M/L opsin on the X chromosome so that only females are 
phenotypically trichromats, and routine trichromats have experienced a duplication event 
of the M/L opsin on the X chromosome so that both males and females possess the M and 
L opsin and are functionally trichromatic.  
 Statistical tests were run to determine how much effect ecological and behavior 
variables have on size-adjusted VNG length. The categorical variables chosen for 
analysis included activity cycle, mating system, and color vision category. These 
variables were chosen because they are relevant to hypotheses on VNS variation in 
primates.  
 Phylogenetic ANOVA tests were run with log size-adjusted VNG length set as the 
continuous dependent variable, and phylogenetic category, activity cycle, mating system 
and color vision category set as the independent factors. Phylogenetic ANOVA was 
conducted in the caper package in R by running phylogenetic least squares (PGLS) 
regression tests (Orme et al., 2011). The likelihood function built into caper was used to 
estimate the phylogenetic scaling parameter λ (Pagel, 1999). The output for phylogenetic 
ANOVA only includes differences between group means, as well as t and p values for the 
first few combinations of groups. For instance, if the mean of value X is of interest for 
three groups, A B and C, the difference between group means is only reported for A-B, 
and A-C. In order to obtain information on statistical significance of the difference 
between group B-C an additional column for the categorical variables must be created 
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  and included in analysis. In this new column, groups would be ordered as BAC, so that B 
is considered the intercept, and comparisons will now be computed for B-A and B-C. 
Post-hoc tests were then conducted to set the critical significance level for rejection of the 
null-hypothesis that there was no significant difference between group means. To correct 
for Type I error when performing multiple tests, both Benjamini and Yekutieli’s (2001) 
false discovery rate approach, as well as the Bonferroni correction were implemented to 
rescale significance levels (calculated in R using p.adjust) (R Development Core Team, 
2010). 
 PGLS regression tests were run on size-adjusted VNG length and several life 
history variables in order to determine if life history strategies have an effect on the VNS. 
Life history variables included age at male and female maturity (days), gestation length 
(days), litter size, number of litters per year, interbirth interval, birth weight (grams), and 
maximum longevity (years). All data were downloaded from the AnAge database (Table 
5.2). Continuous variables were log-transformed prior to analyses.  
 All analyses were run on several data samples in order to parse out the effect of 
phylogeny, namely the differences in VNG length between strepsirhines and haplorhines. 
Tests were first run on an all-primate sample then broken up into groups containing only 
strepsirhines, only haplorhines, and haplorhines without catarrhines, since zero values of 
VNG length are likely to affect analyses.  
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  5.	  1. Species means data used in analyses. 
    Species Suborder Activity Cycle Mating Category Color Vision VNG Length (mm) HBL (mm) 
Arctocebus calabarensis Strep N DP M 3.85 267 
Avahi laniger Strep N M D 3.69 315 
Cheirogaleus major Strep N DP M 9.86 240 
Cheirogaleus medius Strep N DP M 6.16 191 
Eulemur macaco Strep D Pgynand D 5.55 450 
Eulemur mongoz Strep C M D 3.57 343 
Euoticus elegantulus Strep N DP M 6.00 196 
Galago moholi Strep N DP M 5.17 159 
Hapalemur griseus Strep D M D 4.91 280 
Indri indri Strep D M D 7.62 700 
Lemur catta Strep D Pgynand D 7.87 425 
Lepilemur mustelinus Strep N DP D 5.74 325 
Loris tardigradus Strep N DP M 4.11 212 
Microcebus murinus Strep N DP D 6.03 121 
Microcebus rufus Strep N DP D 8.62 137.5 
Mirza coquereli Strep N DP D 11.61 200 
Nycticebus coucang Strep N DP M 6.00 309 
Nycticebus pygmaeus Strep N DP M 6.97 250 
Otolemur crassicaudatus Strep N DP M 5.13 328 
Otolemur garnettii Strep N DP M 5.17 347.5 
Perodicticus potto Strep N DP M 4.26 325 
Phaner furcifer Strep N M D 4.37 260 
Propithecus diadema Strep D Pgynand PT 2.75 500 
Propithecus verreauxi Strep D Pgynand D 5.59 495 
Varecia variegata 
variegata Strep D Pgynand PT 8.74 500 
Alouatta caraya Hap D Pgyn T 2.55 737 
Alouatta seniculus Hap D Pgyn T 7.12 560 
Aotus azarea Hap N M M 3.14 305 
Aotus trivirgatus Hap N M M 3.04 280 
Ateles geoffroyi Hap D Pgyn PT 7.13 509 
Cacajao calvus Hap D M PT 5.71 553 
Callicebus cupreus Hap D M PT 3.20 338.5 
Callicebus moloch Hap D M PT 2.96 305 
Callimico goeldii Hap D Pand PT 2.03 270 
Callithrix jacchus Hap D Pand PT 1.92 193 
Callithrix pygmaea Hap D Pand PT 1.31 134.5 
Cebus apella Hap D Pgyn PT 7.89 435 
Gorilla gorilla gorilla Hap D Pgyn T 0.00 1600 
Homo sapiens Hap D Pgynand T 0.00 1734 
Leontopithecus rosalia Hap D Pand PT 1.59 261 
Macaca nemestrina Hap D Pgynand T 0.00 516 
Nomascus leucogenys Hap D M T 0.00 546 
Pan troglodytes 
troglodytes Hap D Pgynand T 0.00 839 
Papio hamadryas Hap D Pgynand T 0.00 696 
Pithecia pithecia Hap D M PT 3.00 330 
Pongo pygmaeus Hap D Pgyn T 0.00 875 
Saguinus bicolor Hap D Pand PT 3.41 225 
Saguinus geoffroyi Hap D Pand PT 3.11 225 
Saguinus oedipus Hap D Pand PT 3.96 225 
Saimiri boliviensis Hap D Pgynand PT 3.52 310 
Saimiri oerstedii Hap D Pgynand PT 4.18 306 
Saimiri sciureus Hap D Pgynand PT 3.80 306 
Tarsius bancanus Hap N M D 2.80 111 
Tarsius spectrum Hap N M D 3.44 122.5 
Echinops telfari Non    1.75	   160 
  
 
 
 
 
 
 
 
 
 
Ptilocercus lowi Non    3.71 135 
Tupaia belangeri Non    5.04 170 
Abbreviations by column: Suborder - Strep = Strepsirhine, Hap = Haplorhine, Non = Non-primate; Acvitity Cycle - N = Nocturnal, D 
= Diurnal, C = Cathemeral; Mating Category - M = Monogamy, DP = Dispersed Polygynandry, Pand = Polyandry, Pgyn = Polygyny, 
Pgynand = Polygynandry; Color Vision - M = Monochromatic, D = Dichromatic, PT = Polymorphic Trichromat, T = Routine 
Trichromat. VNG = Vomeronasal Groove; HBL = Head and Body Length. 
Data on activity cycle, mating system, color vision category, and head and body length were taken from the literature. Jacobs (1996); 
Dixson (1998); Nowak (1999); Tan and Li (1999); Heesey and Ross (2001); Jacobs et al. (2003); Perry et al. (2007); Ross and Kirk 
(2007); Jones (2009); Veilleux and Bolnick (2009).  
	  Table 5. 2.	  Life History variables used in analyses  
Species 
Age at 
Female 
Maturity 
(days) 
Age at Male 
Maturity 
(days) 
Gestation 
Length 
(days) 
Age at 
Weaning 
(days) 
Litte
r 
Size 
Litte
rs/Ye
ar 
Interbirth 
Interval 
(days) 
Birth 
Weight 
(g) 
Weaning 
Weight 
(g) 
Maximum 
Longevity 
(years) 
Arctocebus 
calabarensis 1167 928 187 195 1 1 338 187.5 NA 32.4 
Avahi 
laniger 1475 NA 190 372 1 0.7 424 263 NA 25 
Cheirogaleu
s major NA NA NA NA NA NA NA NA NA NA 
Cheirogaleu
s medius 821 730 142 77 1 1.4 269 88.5 360 30.1 
Eulemur 
macaco 279 270 133 115 1 1.5 137 26.1 160 13 
Eulemur 
mongoz 1825 1826 232 821 1 0.3 970 426 2000 47.1 
Euoticus 
elegantulus NA NA NA NA NA NA NA NA NA NA 
Galago 
moholi 1204 NA 182 639 1 0.5 776 NA NA 35.8 
Hapalemur 
griseus NA NA 132 206 1 0.9 395 74 NA 26.4 
Indri indri 912 NA 163 244 1 1 365 86 NA 26.2 
Lemur catta 365 395 153 77 1 1.2 179 48.15 215 22.2 
Lepilemur 
mustelinus 477 382 144 62 2 2 169 26.5 86.67 22.8 
Loris 
tardigradus 684 638 125 91 2 NA 171 16 70 18.6 
Microcebus 
murinus 1703 NA 158 307 1.5 0.6 671 239.7 1000 46 
Microcebus 
rufus 365 365 65 47 2.2 NA NA 18.1 NA 13.4 
Mirza 
coquereli 365 NA 61 62 2.5 1 365 19 NA 23.2 
Nycticebus 
coucang 548 548 127 152 1 1 365 74.67 NA 36.2 
Nycticebus 
pygmaeus 796 NA 128 154 1.1 1 365 53 NA 36.2 
Otolemur 
crassicaudat
us NA NA 122 60 1 NA 182 NA NA NA 
Otolemur 
garnettii 300 300 123 93 2 2 182 10.6 95 16.6 
Perodicticus 
potto NA NA NA NA NA NA NA NA NA NA 
Phaner 
furcifer 880 NA 140 147 1.2 1.1 331 45.2 NA 23.3 
Propithecus 
diadema 4745 5110 280 639 1 0.3 639 3312.5 11750 122.5 
Propithecus 
verreauxi NA NA NA NA NA NA NA NA NA NA 
Varecia 
variegata 
variegata 595 912 135 152 1.1 0.9 365 70.6 NA 37.3 
Alouatta 
caraya 547 730 128 131 2 1.8 189 55.3 165 31.6 
Alouatta 
seniculus 592 546 135 85 1 1 NA 27 NA NA 
Aotus 380 365 166 150 1.3 1.5 288 11 139 19.3 
azarea 
Aotus 
trivirgatus 1125 1095 172 324 1 0.8 405 462.5 1416.5 37.6 
Ateles 
geoffroyi 243 243 61 37 2 1 73 6 NA 18.2 
Cacajao 
calvus NA NA 61 40 2.5 NA 73 6.5 NA NA 
Callicebus 
cupreus NA NA NA NA NA NA NA NA NA NA 
Callicebus 
moloch NA NA NA NA NA NA NA NA NA NA 
Callimico 
goeldii 578 NA 188 177 1 1 492 48.2 520 25.8 
Callithrix 
jacchus 273 NA 188 133 2 NA 448 23 NA 17.1 
Callithrix 
pygmaea 495 639 130 138 1.5 1 119 43.2 500 22.7 
Cebus 
apella 600 600 132 140 1 1.4 365 46 NA 18.3 
Gorilla 
gorilla 
gorilla NA NA NA NA NA NA NA NA NA NA 
Homo 
sapiens 1514 1762 171 300 1 0.8 568 814 3950 37.5 
Leontopithe
cus rosalia 547 547 170 118 1 1 198 43.8 NA 26.8 
Macaca 
nemestrina NA NA 174 NA 1 NA NA NA NA 25 
Nomascus 
leucogenys 775 1460 158 122 1 1 319 NA NA 36 
Pan 2555 2555 249 1003 1 0.2 1414 1736.5 11000 59 
troglodytes 
troglodytes 
Papio 
hamadryas 1186 913 157 277 1 0.5 745 145 NA 21 
Pithecia 
pithecia 912 912 148 150 1 1 537 72.25 NA 31 
Pongo 
pygmaeus NA NA 160 NA 1.63 NA NA NA NA 19 
Saguinus 
bicolor 548 NA 142 56 2 NA 241 46.03 NA 20.5 
Saguinus 
geoffroyi 548 550 178 52 1.9 1 244 39.36 105 26.2 
Saguinus 
oedipus NA NA 158 NA 1 NA NA NA NA 30.3 
Saimiri 
boliviensis NA NA 161 NA 1 NA NA NA NA NA 
Saimiri 
oerstedii 1003 1826 161 177 1 1 365 107 403 30.2 
Saimiri 
sciureus 920 NA 178 80 1 1.5 270 24.6 NA 16.3 
Tarsius 
bancanus 425 425 157 69 1 2.4 153 24.3 NA NA 
Tarsius 
spectrum NA NA NA NA NA NA NA NA NA NA 
Life history variables from the AnAge Database (Tacutu et al., 2013) 
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RESULTS 
Phylogenetic Category 
 Phylogenetic and standard ANOVA of log size-adjusted VNG length and 
phylogenetic category revealed no significant difference between the means of non-
primates, and strepsirhines (Table 5.3). On average, strepsirhines have relatively longer 
VNGs (Table 5.4), but the difference is not significant after correcting for phylogenetic 
influence (Fig. 5.1). 
	  
Figure 5. 1.	  log	  Size-­‐adjusted	  vomeronasal	  groove	  length	  by	  phylogenetic	  category.	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Table 5. 3. Results of standard ANOVA tests of log size-adjusted VNG length by phylogenetic category and post-hoc comparisons 
  df MS F p(F) S-N p adj N-H p adj S-H p adj 
Size-adjusted VNG Length ~ 
Phylo Cat 2, 52 0.0011894 9.13 4.0E-04 -0.0002 0.9997 0.0133 0.1439 0.0131 0.0004 
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups from ANOVA tests; F, ANOVA F-statistic; 
p(F), probability of significance between group variance for ANOVA; N, Non-primates; S, strepsirhines; H, haplorhines;. For the 
post-hoc tests, the difference between group means is presented, followed by p-value for student's paired sample t-test. Bold values 
are significant after adjusting for multiple comparisons.  
Table 5. 4. Results of phylogenetic ANOVA tests of log size-adjusted VNG length by suborder and post-hoc comparisons 
  λ df MS F p(F) H-S (t,p) 
Size-adjusted VNG Length ~ Suborder 0.88 46 0.0016 0.88 0.353 0.011 (0.9374, 0.353) 
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups from ANOVA tests; F, ANOVA F-statistic; 
p(F), probability of significance between group variance for ANOVA; H, haplorhines; S, strepsirhines. For the post-hoc tests, the 
difference between group means is presented, followed in parentheses by the t-value and p-value for student's paired sample t-test. 
Bold values are significant after using the Bonferroni correction.  
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Activity Cycle 
 When all primates were pooled together, the model comparing activity cycle and 
log size-adjusted VNG length was statistically significant (p=0.043) (Table 5.5, Fig. 5.2). 
There are no significant differences between log size-adjusted VNG length means of 
cathemeral and nocturnal, or cathemeral and diurnal species, though there is a significant 
increase in log size-adjusted VNG length between diurnal and nocturnal species (p=0.02). 
When analyses were conducted on subsamples of the data, there was no significant effect 
of activity cycle on log size-adjusted VNG length in ANOVA models.  
	  
 
 
Table 5. 5. Results of phylogenetic ANOVA tests of log size-adjusted VNG length vs activity cycle and post-hoc comparisons 
Group λ df MS F p(F) C-D C-N D-N 
All  0.84 45 0.0015 3.37 0.04 0.0060 (0.71, 0.48) 0.017 (1.83, 0.07) 0.011 (2.40, 0.02) 
 
	   	   	   	   	  
C-D C-N D-N 
Strep 0.75 20 0.0020 1.81 0.19 0.0054 (0.46, 0.65) 0.019 (1.45, 0.16) 0.014 (1.75, 0.096) 
 
	   	   	   	   	  
D-N 
    Hap 0.90 23 0.0008 2.26 0.15 0.005 (1.50, 0.15) 
    Hap-Cat 0.71 16 0.0006 1.53 0.23 0.004 (1.24, 0.23)         
ANOVA results are presented by sample group. "All" includes all primates, "Strep" includes strepsirhines only, "Hap" includes only 
haplorhines, and "Hap-Cat" includes only tarsiers and platyrrhines. Column abbreviations: df, degrees of freedom; MS, mean squared 
error within groups from ANOVA tests; F, ANOVA F-statistic; p(F), probability of significance between group variance for 
ANOVA; C, cathemeral; D, diurnal; N; nocturnal. For the post-hoc tests, the difference between group means is presented, followed 
in parentheses by the t-value and p-value for student's paired sample t-test. Bold values are significant after using the Bonferroni 
correction.  
 
Figure 5. 2.	  log	  Size-­‐adjusted	  vomeronasal	  groove	  length	  by	  activity	  cycle.	  A,	  all	  primates;	  B,	  strepsirhines	  only;	  C,	  haplorhines	  only;	  D,	  haplorhines	  without	  catarrhines.	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Mating System  
 Mating system has a significant effect on log size-adjusted VNG length in the 
dataset containing all primates (p=0.01) and the sample containing only strepsirhines 
(p=0.02) (Table 5.6). In the models analyzing only haplorhines (including the subset in 
which catarrhines were removed), mating system did not significantly affect log size-
adjusted VNG length. Primates in “dispersed polygynandrous” mating systems have the 
largest size-adjusted VNG length values, which seems to drive the significance in the 
ANOVA models (Table 5.6, Fig. 5.3). When dispersed polygyny is removed in the 
haplorhine analyses, model p-values are not significant.  
Color Vision 
 In the phylogenetic ANOVA model containing all primates, color vision 
categories do not affect size-adjusted VNG length. When strepsirhines and haplorhines 
are analyzed separately, color vision category has no significant effect on the strepsirhine 
sample but has statistically significant effects on both haplorhine models (p<0.005 for the 
model containing haplorhines, p=0.03 for the model excluding haplorhines) (Table 5.7). 
Both polymorphic and routinely trichromatic haplorhines have lower size adjusted VNG 
length values compared to monochromats and dichromats (Table 5.7, Fig. 5.4).  
 
	  
Table 5. 6.	  Results of phylogenetic ANOVA tests of log size-adjusted VNG length vs mating system and post-hoc comparisons 
Group λ df MS F p(F) Dp-M Dp-Pand Dp-Pgynand Dp-Pgyn 
All  0.78 42 0.0013 4.06 0.01 -0.0209 (-3.92, 0.0003) -0.020 (-2.70, 0.01) -0.021 (-3.64, 0.0007) -0.020 
(-3.10, 
0.003) 
 
	   	   	   	   	  
Dp-M Dp-Pgynand M-Pgynand 
  Strep 0.62 19 0.0017 4.83 0.02 -0.0225 (-2.10, 0.007) -0.021 (-2.49, 0.02) 0.002 (0.29, 0.78) 
   
	   	   	   	   	  
M-Pand M-Pgynand M-Pgyn Pand-Pgynand 
Hap 0.91 21 0.0008 0.10 0.96 0.00002 (0.01, 1.00) -0.001 (-0.44, 0.66) 
-1.1E-
04 (-0.04, 0.97) -0.001 (-0.38, 0.71) 
Hap-
Cat 0.83 14 0.0008 0.03 0.99 0.0002 (0.073, 0.94) 
1.4E-
04 (0.034, 0.97) 0.001 (0.27, 0.79) 
-1.1E-
04 (-0.02, 0.98) 
	   	   	   	   	   	   	   	   	   	   	   	   	   	  Group λ df MS F p(F) M-Pand M-Pgynand M-Pgyn Pand-Pgynand 
All  0.78 42 0.0013 4.06 0.01 0.001 (0.25, 0.80) 
3.3E-
04 (0.09, 0.93) 0.001 (0.17, 0.86) -0.001 (-0.19, 0.85) 
 
	   	   	   	   	  
Pand-Pgyn Pgynand-Pgyn 
  	   	  Hap 0.91 21 0.0008 0.10 0.96 -0.0001 (-0.04, 0.97) 0.001 (0.48, 0.64) 
  	   	  Hap-
Cat 0.83 14 0.0008 0.03 0.99 0.001 (0.19, 0.85) 0.001 (0.18, 0.86) 
  	   	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	  Group λ df MS F p(F) Pand-Pgyn Pgynand-Pgyn 
	   	   	   	  All  0.78 42 0.0013 4.06 0.01 -0.001 (-0.10, 0.92) 
4.6E-
04 (0.10, 0.92) 	  	   	  	   	  	   	  	  
ANOVA results are presented by sample group. "All" includes all primates, "Strep" includes strepsirhines only, "Hap" includes only 
haplorhines, and "Hap-Cat" includes only tarsiers and platyrrhines. Column abbreviations: df, degrees of freedom; MS, mean squared error 
within groups from ANOVA tests; F, ANOVA F-statistic; p(F), probability of significance between group variance for ANOVA; Dp, 
dispersed polygyny; M, monogamy; Pand, polyandry; Pygand, polygynandry; Pgyn, polygyny. For the post-hoc tests, the difference 
between group means is presented, followed in parentheses by the t-value and p-value for student's paired sample t-test. Bold values are 
significant after using the Bonferroni correction.  
	  
Figure 5. 3.	  log	  Size-­‐adjusted	  vomeronasal	  groove	  length	  by	  mating	  system.	  A,	  all	  primates;	  B,	  strepsirhines	  only;	  C,	  haplorhines	  only;	  D,	  haplorhines	  without	  catarrhines.	  
 
	  Table 5. 7. Results of phylogenetic ANOVA tests of log size-adjusted VNG length vs color vision category and post-hoc comparisons 
Group λ df MS F p(F) M-D M-Pt M-T 
All  0.87 44 0.0016 1.26 0.30 -0.0031 (-0.52, 0.60) -0.007 (-1.24, 0.22) -0.015 (-1.89, 0.06) 
 
	   	   	   	   	  
M-D M-Pt D-Pt 
Strep 0.82 20 0.0022 0.45 0.65 -0.0064 (-0.65, 0.52) -0.012 (-0.94, 0.36) -0.005 (-0.62, 0.54) 
 
	   	   	   	   	  
M-D M-Pt M-T 
Hap 0.67 21 0.0005 7.47 1.4E-03 0.0101 (1.71, 0.10) -0.002 (-0.50, 0.62) -0.009 (-2.46, 0.02) 
Hap-Cat 0.00 14 0.0004 3.90 0.03 0.0080 (1.61, 0.13) -0.002 (-0.46, 0.66) -0.007 (-1.53, 0.15) 
	   	   	   	   	   	   	   	   	   	   	   	  Group λ df MS F p(F) D-Pt D-T Pt-T 
All  0.87 44 0.0016 1.26 0.30 -0.004 (-0.83, 0.41) -0.012 (-1.57, 0.12) -0.008 (-1.21, 0.23) 
 
	   	   	   	   	  
D-Pt D-T Pt-T 
Hap 0.67 21 0.0005 7.47 1.4E-03 -0.012 (-2.30, 0.03) -0.019 (-3.79, 0.001) -0.007 (-3.40, 0.003) 
Hap-Cat 0.00 14 0.0004 3.90 0.03 -0.010 (-2.66, 0.02) -0.015 (-3.39, 0.004) -0.005 (-1.85, 0.08) 
ANOVA results are presented by sample group. "All" includes all primates, "Strep" includes strepsirhines only, "Hap" includes only 
haplorhines, and "Hap-Cat" includes only tarsiers and platyrrhines. Column abbreviations: df, degrees of freedom; MS, mean squared 
error within groups from ANOVA tests; F, ANOVA F-statistic; p(F), probability of significance between group variance for ANOVA; 
M, cathemeral; D, diurnal; N; nocturnal. For the post-hoc tests, the difference between group means is presented, followed in 
parentheses by the t-value and p-value for student's paired sample t-test. Bold values are significant after using the Bonferroni 
correction.  
	  
Figure 5. 4. log Size-adjusted vomeronasal groove length by color vision category. A, all primates; B, strepsirhines only; C, 
haplorhines only; D, haplorhines without catarrhines.
	   
Life History 
  Phylogenetic regression analyses reveal that size-adjusted VNG length scales 
negatively with most life history variables related to growth and maturation, while it 
scales positively with variables related to reproductive output (Tables 5.8-5.12, Fig. 5.5-
5.9). Significant relationships were driven largely by the strepsirhines (Table 5.9). When 
haplorhines and strepsirhines were analyzed separately, no test showed significant p-
values for haplorhines, while most were significant and had r2 values for the strepsirhine-
only sample. 
 When all primates are included in the analysis, there is a significant and negative 
relationship between size-adjusted VNG length and age at sexual maturity (for males and 
females), gestation length, inter-birth interval, and birth weight (Table 5.8, Fig. 5.5).  A 
positive relationship was found between litter size and size-adjusted VNG length. Age at 
weaning, litters per year, and maximum longevity did not have a statically significant 
relationship with size-adjusted VNG length.  
 When strepsirhines were analyzed separately, similar results were obtained. Size-
adjusted VNG length scaled negatively and significantly with age at female (but not 
male) sexual maturity, age at weaning, inter-birth interval, and birth weight. Size-
adjusted VNG length scaled positively and significantly with litter size. When 
haplorhines were analyzed separately, with and without catarrhines, no relationships 
between life history variables and size-adjusted VNG length were statistically significant.  
 Another difference observed when analyzing strepsirhines and haplorhines 
separately was that values for Pagel’s lambda differed substantially (Tables 5.10, 5.11). 
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  In the model where only strepsirhines were analyzed, lambda values were close to zero, 
while in the model where only haplorhines were analyzed lambda values were close to 
one.  
	  
	  
Table 5. 8. PGLS regression results of log size-adjusted VNG length vs life history 
variables 
  λ F df R2 p(F) 
All Primates  
     log Age at Female Maturity (d) 0.331 17.72 34 -0.343 1.77E-04 
log Age at Male Maturity (d) 0.074 13.83 23 -0.375 1.13E-03 
log Gestation Length (d) 0.509 33.73 40 -0.458 8.80E-07 
log Age at Weaning (d) 0.758 7.73 36 -0.177 8.60E-03 
log Litter Size  0.877 27.91 40 0.411 4.79E-06 
log Litters/year 0.459 1.478 30 0.047 0.234 
log Interbirth Interval 0.887 13.01 34 -0.277 9.85E-04 
log Birth Weight (g) 0.698 14.35 33 -0.303 6.11E-04 
log Maximum Longevity (y) 0.666 2.81 36 -0.072 0.102 
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups 
from PGLS tests; F, PGLS F-statistic; R2, multiple R2; p(F), probability of significance 
between group variance for PGLS.  Bold values are significant after using the Bonferroni 
correction and BY correction, italic values are significant after using the BY correction 
only.  
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Table 5. 9. PGLS regression results of log size-adjusted VNG length vs life history 
variables	  
  λ F df R2 p(F)	  
All Primates without Catarrhines  
   	  log Age at Female Maturity (d) 0.284 13 30 -0.302 0.001	  
log Age at Male Maturity (d) 0.033 7.45 19 -0.282 0.013	  
log Gestation Length (d) 0.33 35.73 36 -0.498 7.46E-07	  
log Age at Weaning (d) 0.768 5.40 32 -0.144 0.027	  
log Litter Size  0.873 25.23 36 0.412 1.40E-05	  
log Litters/year 0.188 0.57 26 0.021 0.457	  
log Interbirth Interval 0.895 11.69 30 -0.280 0.002	  
log Birth Weight (g) 0.68 11.3 29 -0.280 0.002	  
log Maximum Longevity (y) 0.647 1.37 32 -0.041 0.250	  
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups 
from PGLS tests; F, PGLS F-statistic; R2, multiple R2; p(F), probability of significance 
between group variance for PGLS. Bold values are significant after using the 
Bonferroni correction and BY correction, italic values are significant after using the 
BY correction only.  
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Table 5. 10. PGLS regression results of log size-adjusted VNG length vs life history 
variables 
  λ F df R2 p(F) 
Strepsirhines  
     log Age at Female Maturity (d) 0.415 27.07 15 -0.644 1.07E-04 
log Age at Male Maturity (d) 0.154 8.75 10 -0.467 0.014 
log Gestation Length (d) 0.105 28.44 18 -0.612 4.54E-05 
log Age at Weaning (d) 0 51.67 17 -0.752 1.52E-06 
log Litter Size  0 45.65 18 0.717 2.49E-06 
log Litters/year 0 0.66 13 0.048 0.433 
log Interbirth Interval 1 85.17 15 -0.850 1.42E-07 
log Birth Weight (g) 0.141 35.31 16 -0.688 2.07E-05 
log Maximum Longevity (y) 0 2.42 15 -0.139 0.141 
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups 
from PGLS tests; F, PGLS F-statistic; R2, multiple R2; p(F), probability of significance 
between group variance for PGLS. Bold values are significant after using the 
Bonferroni correction and BY correction, italic values are significant after using the 
BY correction only.  
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Table 5. 11. PGLS regression results of log size-adjusted VNG length vs life history 
variables	  
  λ F df R2 p(F)	  
Haplorhines  
    	  log Age at Female Maturity (d) 0.897 7.5E-03 17 4.4E-04 0.932	  
log Age at Male Maturity (d) 1 1.8E-04 11 1.7E-05 0.989	  
log Gestation Length (d) 0.912 5.6E-04 20 2.8E-05 0.981	  
log Age at Weaning (d) 0.862 0.45 17 -0.026 0.511	  
log Litter Size  0.895 1.82 20 0.083 0.193	  
log Litters/year 0.88 9.8E-04 15 6.5E-05 0.976	  
log Interbirth Interval 0.901 0.07 17 0.004 0.801	  
log Birth Weight (g) 0.799 1.68 15 -0.101 0.215	  
log Maximum Longevity (y) 0.887 0.52 19 -0.027 0.478	  
Column abbreviations: df, degrees of freedom; MS, mean squared error within groups 
from PGLS tests; F, PGLS F-statistic; R2, multiple R2; p(F), probability of significance 
between group variance for PGLS.  Bold values are significant after using the 
Bonferroni correction and BY correction, italic values are significant after using the BY 
correction only.  
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Table 5. 12. PGLS regression results of log size-adjusted VNG length vs life history 
variables 
  λ F df R2 p(F) 
Haplorhines without Catarrhines  
     log Age at Female Maturity (d) 0.83 0.91 13 0.066 0.357 
log Age at Male Maturity (d) 0 0.01 7 0.002 0.908 
log Gestation Length (d) 0.86 0.34 16 0.021 0.565 
log Age at Weaning (d) 0.718 0.08 13 
-
0.006 0.787 
log Litter Size  0.796 1.66 16 0.094 0.216 
log Litters/year 0.736 0.27 11 
-
0.024 0.616 
log Interbirth Interval 0.814 0.68 13 0.050 0.424 
log Birth Weight (g) 0.737 0.03 11 0.003 0.864 
log Maximum Longevity (y) 0.815 0.05 15 0.003 0.835 
Column abbreviations: df, degrees of freedom; MS, mean squared error within 
groups from PGLS tests; F, PGLS F-statistic; R2, multiple R2; p(F), probability of 
significance between group variance for PGLS.  Bold values are significant after 
using the Bonferroni correction and BY correction, italic values are significant after 
using the BY correction only.  
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Figure 5. 5. log Size-adjusted vomeronasal groove length by life history variables (log 
transformed) in all primates. A, female maturity (days); B, male maturity (days); C, 
gestation length (days); D, age at weaning (days); E, litter size; F, litters per year; G, 
interbirth interval (days); H, birth weight (grams); I, maximum longevity (years). 
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Figure 5. 6. log Size-adjusted vomeronasal groove length by life history variables (log 
transformed) in all primates (excluding catarrhines). A, female maturity (days); B, male 
maturity (days); C, gestation length (days); D, age at weaning (days); E, litter size; F, 
litters per year; G, interbirth interval (days); H, birth weight (grams); I, maximum 
longevity (years). 
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Figure 5. 7. log Size-adjusted vomeronasal groove length by life history variables (log 
transformed) in strepsirhines. A, female maturity (days); B, male maturity (days); C, 
gestation length (days); D, age at weaning (days); E, litter size; F, litters per year; G, 
interbirth interval (days); H, birth weight (grams); I, maximum longevity (years). 
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Figure 5. 8. log Size-adjusted vomeronasal groove length by life history variables (log 
transformed) in haplorhines. A, female maturity (days); B, male maturity (days); C, 
gestation length (days); D, age at weaning (days); E, litter size; F, litters per year; G, 
interbirth interval (days); H, birth weight (grams); I, maximum longevity (years). 
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Figure 5. 9.	  log Size-adjusted vomeronasal groove length by life history variables (log 
transformed) in haplorhines (without catarrhines). A, female maturity (days); B, male 
maturity (days); C, gestation length (days); D, age at weaning (days); E, litter size; F, 
litters per year; G, interbirth interval (days); H, birth weight (grams); I, maximum 
longevity (years). 
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  DISCUSSION 
 The mammalian VNS is largely responsible for detecting non-volatile odorants of 
conspecifics and predators. Intraspecific semiochemicals are likely responsible for 
communicating information about mate compatibility, receptivity, and quality while 
interspecific semiochemicals likely function as a way species can instinctively avoid 
predators (Papes et al., 2010; Isogai et al., 2011; Fortes-Marco et al., 2013). Where 
olfaction is a predominant sensory modality, or where other senses such as vision are 
limited, the VNS should be under heavy selection as it is integral to reproductive success 
and predator avoidance. 
 Statistical tests did not reveal a significant difference between mean VNG length 
of strepsirhines and non-primate euarchontan mammals. This finding supports the 
hypothesis that there was not an initial reduction in the olfactory systems when primates 
diverged from scandentians and dermopterans. Similar findings have been reported for 
the olfactory bulbs (Heritage, 2014). Rather surprisingly, phylogenetic ANOVA tests 
revealed no significant difference between size-adjusted VNG length between 
strepsirhines and haplorhines. This is presumably due to the strong influence phylogeny 
has over the relatively longer VNGs in strepsirhines compared to haplorhines. Standard 
ANOVA tests do reveal a significant difference between mean VNG length in 
strepsirhines and haplorhines. Haplorhines exhibit many features, such as reduced 
numbers of intact V1R genes, pseudogenization of V2R genes, and VNO reorganization, 
that would imply reduced reliance on the VNS for this entire suborder (Smith et al., 
2003b; Smith et al., 2003c; Young et al., 2010; Hohenbrink et al., 2013; Yoder et al., 
2014).  
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   A number of ecological and behavioral traits have been linked with the expansion 
or reduction of the VNS in primates and other mammals. Wang et al. (2010) found that 
nocturnal, nesting mammals had more V1R genes than diurnal open-living mammals. 
Closed, dimly-lit environments such as rainforests may not select for particularly 
complex visual systems (i.e., heavy investment in metabolically expensive cones and 
multiple color vision phenotypes). If vision is limited in a nocturnal environment, 
olfaction could be more strongly selected for, given that scent marks can be deposited on 
substrates and communicate information to a receiver without any visual (or physical) 
contact (Eisenberg and Kleiman, 1972). Visual inspection of data on the VNG in 
primates reveals that nocturnal species do have relatively longer VNGs; however when 
phylogeny is taken into account in statistical analyses, there is little to no significant 
difference between the size adjusted VNG length means of primates using different 
activity cycles. When all primates are pooled together, there is a slight significant 
difference between nocturnal and diurnal species, but this difference is weakened when 
analyzing strepsirhines and haplorhines separately. Interestingly, similar results are found 
when analyzing both the absolute and relative number of functional V1R genes in 
primates. Yoder et al. (2014) found that while nocturnal primates have more functional 
V1R genes on average, cathemeral and diurnal species have a higher percentage of intact 
V1R genes compared to nocturnal species. Some caution should be taken when 
interpreting information from proportions of intact genes compared to pseudogenes, 
however. Pseudogenes can be removed from the genome, particularly if lineages are 
ancient or if selection on a particular region of DNA is strong and is likely to remove 
non-functional alleles (Matsui et al., 2010). Results from VNG data presented here and 
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  data on V1R repertoires offer compelling evidence that activity cycle is not the strongest 
selective factor on the VNS in primates, and that a shift to diurnality in the haplorhine 
ancestor may not have been a primary factor in VNS reduction in this clade.  
 The VNS is also likely to be strongly affected by sexual selection. Numerous 
studies have indicated that the VNS mediates some components of mate choice and 
competition (Keverne, 1999; Isogai et al., 2011; Fortes-Marco et al., 2013; Drea, 2014). 
For example, experimental behavior studies on mice found that virgin females were 
attracted to male odors despite having no prior experience with males (Martínez-García et 
al., 2009).  There is also evidence that intrasexual aggression between males appears to 
be triggered innately via the VNS in rodents (Stowers et al., 2002). V1R, and particularly 
V2R, receptors appear to bind to specific ligands associated with important 
semiochemicals carried by major urinary proteins (Stowers et al., 2002; Chamero et al., 
2007; He et al., 2008; Papes et al., 2010; Hohenbrink et al., 2013). Chemical information 
is probably particularly important in sexual selection because odorants are essentially part 
of the sender, and should carry “honest” signals of individual quality. These odorants can 
carry information communicating species, sex, reproductive status, and health of an 
individual, and if these signals produce innate responses in the receiver, they may lead to 
increased reproductive success. In terms of intersexual selection, chemical 
communication could allow males and females to find compatible mates. Males could 
potentially be surer of female proceptivity, and both sexes may be able to select for mates 
that are healthy and distantly related in order to avoid inbreeding (Drea, 2014). 
 Additionally, chemical signals are probably used in communicating species 
information, which may be important in maintaining species barriers and reducing the 
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  possibility of costly heterospecific breeding (Yoder et al., 2014). Several studies on V1R 
gene diversity support this last conclusion, given that most V1R repertoires are highly 
species specific as a result of gene duplication events (Yoder et al., 2014).  
 For species that rely strongly on chemical communication, it stands to reason that 
olfactory marking could also be part of intrasexual competition. Individuals use scent 
marks to identify territory and will often compete through “overmarking”. In lorises there 
is some evidence that females prefer to mate with males that leave the top scent mark 
(Fisher et al., 2003). Because males must be able to produce quality scent marks and 
expend energy to defend their territory via marking, this could be a signal of male 
quality.  
 The results of phylogenetic ANOVA reveal that mating system has a significant 
effect on relative size of the VNG, especially in strepsirhines. Strepsirhines that engage in 
dispersed polygynandry have the largest mean values for VNG length compared to other 
mating systems. Dispersed polygynandry within primates is unique to some nocturnal 
strepsirhines. Generally, males and females are solitary but promiscuous, and males 
engage in strong intrasexual competition (Charles-Dominique, 1977; Kappeler, 2002). 
Kappeler (1997) compared levels of male-male competition in dispersed polygynandrous 
species to “harem”-like polygyny in anthropoid primates. It is possible that for 
strepsirhines, chemical communication is a primary mode of sexual selection and is 
mediated by the VNS. It is also possible that in dispersed polygynandrous systems, 
infrequent contact between males and females may select for increasing sensitivity to 
conspecific odor cues, which can be received despite direct contact with the sender. 
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  Olfactory cues mediated by the VNS may also be important in making decisions about 
mate quality in absence of other sensory inputs like visual cues. 
 There is no significant effect of mating system on VNG length in haplorhine 
primates. However, haplorhine primates, especially anthropoids, exhibit sexual size 
dimorphism to a greater extent than strepsirhines. As has been demonstrated in many 
studies, strong levels of male intrasexual competition drive higher rates of sexual size 
dimorphism, which is seen especially in polygynous haplorhines (Mitani et al., 1996; 
Plavcan, 2001). It appears as though sexual size dimorphism takes over much of the role 
that chemical communication via the VNS performs in haplorhines, which may be in part 
because of diurnality and the transmission of reliable visual cues at a distance.  
 Another common explanation for the reduction of the VNS in haplorhine, and in 
particular catarrhine primates, is a trade-off between vomeronasal mediated olfaction and 
trichromatic color vision (Liman and Innan, 2003; Gilad et al., 2004; Matsui et al., 2010) 
Male trichromatic vision has been suggested to replace the VNS because catarrhine males 
can discriminate visual signals such as sexual swellings as reliable indicators of female 
reproductive state (Fernandez and Morris, 2007). Additionally, variation in facial 
markings may signal conspecificity in some cercopithecoids (Allen et al., 2014). 
Phylogenetic ANOVAs reveal no significant difference between relative VNG length and 
color vision categories when strepsirhines are included in analyses. However, when 
strepsirhines are removed and only haplorhines are considered, there is a significant 
negative interaction between color vision phenotypes and relative VNG length. 
Dichromats have significantly longer VNG lengths than polymorphic trichromats and 
routine trichromats (Fig. 5.4). There is little difference, interestingly, between 
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  monochromats and either trichromat phenotype. In haplorhines, tarsiers are dichromatic 
while the owl monkey, Aotus, is the only monochromatic genus in this clade (Jacobs et 
al., 1993; Zhou et al., 1997; Tan and Li, 1999).  Both genera are secondarily nocturnal, 
and their VNS adaptations may reflect phylogeny more than increased or decreased 
reliance on the VNS as a response to their activity cycle. Tarsiers may have a longer 
relative VNO (and more functional V1R genes) because they retain features found in 
primitive haplorhines. The relatively short VNG of Aotus may be related to an overall 
reduction of the VNG in anthropoids. Only when catarrhines are included in the analysis 
does mean VNG length differ between routinely trichromatic species and those that are 
monochromatic or polymorphic trichromats.  
 It is possible that routine trichromacy in Alouatta does not affect the VNS 
significantly, especially given the evidence for functional V1R genes and intact TRP2 
proteins suggesting successful pheromone transduction (Liman and Innan, 2003). Subtle 
color variation does not appear to play the same role in sexual selection in Alouatta that it 
does in catarrhine primates, though the VNG is shorter in Alouatta than some other 
platyrrhine species when body size is taken into account.   There is a clear reduction in 
genomic and morphological components of the VNS in catarrhines, so it is entirely 
possible that even though trichromatic vision does not negate the use of VNS-mediated 
olfaction in platyrrhines, it did lead to further relaxed selection on this system in the 
common ancestor of catarrhines (Young et al., 2010).  
 An additional question was whether or not life history strategies could influence 
selection on the VNS in primates. Overlap between VNO and MOS mediated 
chemosensation is well demonstrated (Baxi et al., 2006), with the primary differences 
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  between each system being the molecular weight of odorants, how sensitive receptors are 
to them, and whether or not responses are conditioned or innate (Fortes-Marco et al., 
2013). The VNS appears to produce innate responses to lower concentrations of 
conspecific or predator odorants, while the MOS can produce similar responses after 
conditioning and at higher concentrations of those odorants (Martínez-García et al., 2009; 
Fortes-Marco et al., 2013). It is possible that species with less “learning time” for 
odorant-behavior conditioning may undergo stronger positive selection on the VNS. To 
test this hypothesis, several life history variables were regressed against relative VNG 
length in primates. Results from this study provide support for the hypothesis that 
primates, especially strepsirhines with faster life history strategies (such as shorter 
developmental periods and higher reproductive output), have relatively longer VNGs. In 
haplorhines there is less support for this hypothesis. Haplorhines, especially anthropoids, 
have slower life history trajectories in general, which includes later ages at dispersal and 
reproduction. This could potentially delay when individuals search for mates or engage in 
aggressive intrasexual competition. Delaying reproduction, in addition to gregarious 
group living, might allow haplorhine primates to “learn” important odor information 
through the MOS, rendering the VNS redundant. The addition of visual specialization 
and sexual selection being mediated increasingly via visual cues may have led to 
complete VNS loss in catarrhines if there was no selective benefit of maintaining two 
rather than a single olfactory system.  
 Another interesting result from analyzing VNG length and life history variables 
was the difference in values of Pagel’s lambda for statistical models in which 
strepsirhines and haplorhines were analyzed separately. In the strepsirhine-only model, 
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  lambda values were almost uniformly close to zero, while lambda values were almost 
uniformly close to one for the haplorhines. These results could be related to sampling 
error, but a more intriguing interpretation is that they reflect the effect of selection and 
phylogeny on the VNS in these two groups. Pagel’s lambda measures the relative 
phylogenetic signal in continuous as well as discrete data (Pagel, 1999). When Pagel’s 
lambda is close to zero, the inference is that phylogeny has little effect on trait evolution. 
One potential explanation is that selection is affecting trait evolution independently along 
branches of the strepsirhine phylogeny. Genetic analyses of V1R genes have revealed 
similar results, at least demonstrating that V1R genes are under positive selection in 
strepsirhines. The larger lambda values (approaching one) in haplorhines may reflect a 
stronger influence of phylogeny on size-adjusted VNG length in this clade. In other 
words, change in size-adjusted VNG length in relation to life history variables occurs 
under Brownian motion along the haplorhine tree. This result could imply genetic drift as 
a model of evolution for size-adjusted VNG length in haplorhines (however, see Revell et 
al., 2008), which would complement results from genetic studies showing relaxed 
selection on the VNS in haplorhines (Mundy, 2006; Young et al., 2010).  
 It is unlikely that any single factor uniquely influences the VNS in primates – 
there are interactions among ecology, life history, behavior, and physiology. Results from 
this study indicate that while there may be some effect of activity cycle on the VNS in 
primates (as inferred from the VNG), it is not a large driving force in the evolution of this 
system. Namely, the shift toward diurnality in haplorhines was probably not a single 
driving factor in VNS “reduction” for the haplorhines. However it is likely that diurnality 
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  allowed haplorhines, and specifically anthropoids, to invest more energy into their visual 
systems by increasing visual acuity as well as evolving multiple color vision phenotypes.  
 In strepsirhines, sexual selection appears to explain a large proportion of the 
variation in relative VNG length. Dispersed polygynandry is associated with longer 
VNGs compared to monogamous and group-living polygynandrous species. Dispersed 
polygynandry in strepsirhines is associated with intense intrasexual competition, which 
appears to be mediated at least in part by olfaction (Kappeler, 1997; delBarco-Trillo et 
al., 2011; Drea, 2014). Mate choice via scent marking is also important in more solitary 
dispersed species, and is likely to aid species in finding conspecifics with desirable traits 
(delBarco-Trillo et al., 2011; Drea, 2014). Most species engaging in dispersed mating 
systems are also nocturnal and cryptic, so visual signals may not provide much benefit, 
especially in dense forests.  
 Platyrrhines also use olfactory communication in sexual selection, with 
remarkable examples documented in the callitrichines. Callitrichines use olfaction in 
individual identification, mate selection, and female intrasexual competition (Smith et al., 
1997; Smith and Abbott, 1998; Washabaugh and Snowdon, 1998; Snowdon et al., 2011). 
Odors of dominant females function in ovulation suppression in subordinate females, 
which ultimately increases reproductive success of dominant individuals (Barrett et al., 
1990). Whether or not these behaviors are mediated by the VNO or MOS are unclear. 
Washabaugh and Snowdon (1998) demonstrated that male marmosets could become 
sexually aroused to artificial odor extracts as a conditioned response when exposing them 
to females and the test odorant, which implies involvement of the MOS. There is also 
evidence that the VNO is nonfunctional in Saguinus tamarins, which display many 
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  behaviors mediated by olfaction (Smith et al., 2011a). The MOS is capable of mediating 
these responses, and because most haplorhines live in gregarious groups and have slower 
life history strategies, may not rely as much on innate responses to odorants as compared 
to conditioned responses. Increased visual complexity, especially higher visual acuity, 
may also have allowed haplorhines to replace VNO mediated stimuli with visual stimuli, 
rendering the VNS largely redundant and no longer under heavy selection.  
 Strong intrasexual competition in many haplorhine species results in sexual 
dimorphism in body and canine size, a phenomenon not seen to the same extent in 
strepsirhines. Large differences in body size in males and females signals information 
relevant to intra and intersexual selection. Males typically achieve larger body size as a 
result of intrasexual competition, where larger males are likely to be successful in 
aggressive bouts that determine mating opportunities. Females may also select for larger 
males because large body and canine size may signal higher genetic quality (Plavcan, 
2001). Body and canine size are apparent visual traits that can be judged at a distance, 
which may be more meaningful in species that are diurnal and live in groups where visual 
contact is frequent. Males would be able to identify females visually, and females could 
identify males as well as differentiate male body size variants. In catarrhines, sexual size 
dimorphism and dimorphism in visual features is even more apparent than in platyrrhines 
(Plavcan and vanSchaik, 1992; 1997). Species such as mandrills, for instance, vary in 
male coloration along with body and canine dimorphism. Most female cercopithecoids 
and some hominoids also display swellings of the sexual skin that vary in size and 
brightness over a female’s cycle (Dubuc et al., 2009). Variation in sexual swellings acts 
as a signal communicating reproductive status to males, which would benefit in their 
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  reproductive success (Dubuc et al., 2009; Higham et al., 2012). Such female visual 
signals appear to replace chemical signals used in other mammals, which would require 
that males have physical contact with females to process these signals, or activate contact 
with scent marks. The benefit of such visual signals is that they can be received more 
passively in the context of group living, which may be beneficial where male competition 
is intense. Visual signals such as pelage color and pattern are also probably acting to 
identify conspecifics in catarrhines. For instance, it has recently been demonstrated that 
facial patterning acts as a mating barrier in guenons, species that have diverged fairly 
recently in evolutionary time and often occupy nearby habitats (Allen et al., 2014). These 
visual signals seem to operate in a similar way as do chemical cues in strepsirhines and 
many other species of mammal. 
 Even catarrhines still seem to use olfactory signals and scent marking in 
communication, though they must not be mediated by the VNS since it is absent in Old 
World monkeys based on all available evidence (Charpentier et al., 2013). These 
chemical signals must be processed by the MOS, which is still functional and certainly 
understudied in catarrhines. 
 Genomic analyses have demonstrated, and these results seem to support, the 
general observation that the VNS is under positive selection in strepsirhines and relaxed 
selection in haplorhines (Liman and Innan, 2003; Young et al., 2010; Yoder et al., 2014). 
In strepsirhines, there are strong associations between relative VNG length and mating 
system, as well as several life history variables affecting reproduction. Haplorhines show 
almost no effects of mating system/competition or life history variables on the VNS. The 
only strong relationship between variables explored in this analysis and relative VNG 
150
	  length was color vision phenotype, which could be an interaction between decreased 
selection on the VNS and positive selection on visual traits.        
 The role of vomeronasal mediated olfaction in primate behavior deserves 
increased scrutiny, although it is difficult to study (Heymann, 2006a). Field studies of 
olfaction are difficult enough without having to parse out which behaviors are mediated 
by the VNS, MOS, or some combination of both. However, while not included in this 
analysis, several factors stuck out as meriting future study – geographic distribution, 
species density, and predation.  
 A major result of this study is that strepsirhines in dispersed polygynandrous 
mating systems have the longest relative VNG’s. Much of the variation may be driven by 
mating competition, but some of this may be driven by the fact that individual animals 
infrequently come into contact with each other. This could result in not being able to 
“learn” the scent of members of the opposite sex, relatives, or individuals of varying 
genetic quality, which would make innate responses to odorants more important. Because 
many of these species in dispersed systems are also nocturnal, small-bodied, cryptic, and 
monochromatic (at least in lorisoids), scent marks may be critical to distributing 
information to conspecifics. As previously noted, scent marks can be deposited on a 
substrate and will remain long after the sender is gone, which can allow individuals to 
communicate without close contact. This could function in territory defense as well as 
mate-advertisement.  
 Another way to look at the importance of proximity and olfaction is when 
considering more gregarious primates. Most anthropoids live in social groups, where 
individuals regularly interact in close proximity. Not only would species be able to 
151
	  “learn” olfactory information via the MOS, but they would be in regular contact with the 
smells of members of the opposite sex, family members, etc. Such regular proximity may 
negate the necessity of the VNS, which could be more important for more solitary 
animals. A logical next step for research on the olfactory systems would be to analyze 
variables of the VNS and MOS in solitary versus social animals.  
 Species-specific odorants can also allow individuals to discriminate between 
conspecific and non-conspecifics when different yet closely related species are sympatric. 
This may have important implications for “cryptic species” living in close proximity, 
because odor could prevent individuals from mating with members of the "wrong" 
species, a behavior that can be energetically costly and limit reproductive success. 
Interestingly, size-adjusted VNG length values are largest in cheirogaleids, a family in 
which there are many sympatric cryptic species (Yoder et al., 2000; Yoder et al., 2002).  
 An additional factor that should affect the VNS is predation. One of the main 
types of odorants the VNS can detect is kairomones, which are odorants released by 
predators (Papes et al., 2010). Kairomones should produce an innate avoidance response, 
which might be particularly important for animals that do not have an opportunity to 
“learn” other alarm signals through group living. Though the effect of predation was not 
explored in this analysis, it should be noted that the taxa with the longest VNG in this 
study (cheirogaleids – specifically Microcebus), are under extremely heavy predation risk 
(Scheumann et al., 2007). Behavioral studies indicate that predator-naïve mouse lemurs 
react strongly to predator odors, and it stands to reason that they should evolve hard-
wired avoidance behaviors in reaction to predator kairomones (Sündermann et al., 2008). 
The interaction between the VNS and predation risk deserves further exploration in future 
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  studies.  
 
SUMMARY AND CONCLUSIONS 
 This study demonstrates that the primate VNS, using size-adjusted VNG length as 
a proxy, is affected by socioecological variables, especially those related to sexual 
selection and reproduction. Purely ecological variables, such as activity cycle, may have 
less effect on the primate VNS given the finding that there was no significant difference 
size-adjusted VNG length in primates engaging in different activity cycles. Findings from 
this study also demonstrate that size-adjusted VNG length does not differ significantly 
between primates and non-primate euarchontans. Additionally VNG length does not 
differ significantly between strepsirhines and haplorhines when phylogeny is accounted 
for, although the VNG in strepsirhines is generally longer. 
 These results support the general observation that the VNS mediates mating and 
reproduction in mammals. Size-adjusted VNG length is greatest in strepsirhines assigned 
to dispersed polygynandrous mating systems. These dispersed mating systems are 
associated with intense intrasexual competition in strepsirhines, which may select for 
innate olfactory responses mediated by the VNS. Size-adjusted VNG length is also 
greater in strepsirhines with earlier ages at reproduction and higher reproductive output. 
The ability to identify potential mates that are of high genetic quality via chemosensation, 
without prior experience, may be more important in solitary species. The role of olfaction 
in sexual selection is likely a strong factor maintaining positive selection on the VNS in 
strepsirhines. 
 There is little statistical support for mating systems or life history variables having 
an effect on the VNS in haplorhines. Rather, results from this study seem to support the 
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  hypothesis that this system is under relaxed selection pressure. The one variable that had 
an effect on size-adjusted VNG length in haplorhines was color vision category, in which 
trichromats have shorter VNGs than non-trichromats. This can be taken as at least partial 
support that the acquisition of trichromatic vision affects selection on the VNS, possibly 
replacing chemical cues with visual cues in sexual selection. This hypothesis will be 
explored further in the following chapter. 
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  CHAPTER 6: THE SENSORY TRADE-OFF HYPOTHESIS REVISITED: 
CHANGES IN THE VISUAL SYSTEM MAY AFFECT THE 
VOMERONASAL SYSTEM AND NOT THE MAIN OLFACTORY 
SYSTEM 
Abstract:  A common narrative on primate sensory abilities is that this group of 
mammals has sacrificed the sense of smell for superior vision. While the support for an 
overall reduction in primate olfaction is dwindling, there is still the question of whether 
or not visual specializations found in haplorhines, and specifically catarrhines, have led to 
relaxed selection on their olfactory systems compared to strepsirhines. Most primates, 
like many mammals, posess two distinct olfactory systems – the main and vomeronasal 
systems, and there is far greater variation in the vomeronasal sytem of primates compared 
to the main olfactory system. In this study the hypothesis is tested that visual 
specializations, such as the acquisition of trichromatic color vision, affected the main and 
vomeronasal systems differently. Phylogenetic statistical methods are used to test the 
effects of color vision phenotypes on the vomeronasal system (using size-adjusted 
vomeronasal groove length and numbers of V1R genes as proxies) and the main olfactory 
system (using absolute and size-adjusted ethmoid area, as well as numbers of OR genes, 
as proxies). Additionally, phylogenetically corrected least squares regression analysis 
was used to test for a relationship between size-adjusted vomeronasal groove length and 
visual acuity. Results imply that the vomeronasal system, but not the main olfactory 
system, is negatively affected by increasing color vision complexity and greater visual 
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  acuity. The sensory trade-off hypothesis should be revised to consider differences 
between the two olfactory systems. 
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INTRODUCTION  
 A key question relating to primate sensory adaptations is if there has been an 
evolutionary trade-off between the visual and olfactory systems. This is rooted in the 
observation that some primates have a number of derived features of the visual system 
(namely large orbits, a cone-dense retinal fovea, and trichromatic color vision), while 
neuroanatomical features of the olfactory system are reduced or lost. Much work has 
been done on this topic from behavioral, anatomical, and genetic perspectives, often with 
conflicting results.  
 A number of studies focusing on the vision-olfaction trade-off from a genetic 
perspective have been published in the last decade (Liman and Innan, 2003; Gilad et al., 
2004; Matsui et al., 2010; Young et al., 2010). Technological advances in genetic 
sequencing methods have produced more data on mammalian genomes and allowed for 
identification of olfactory receptor (OR) and vomeronasal receptor (VR) coding genes. 
The number of functional genes (those with intact open reading frames) as well as 
pseudogenes (those with premature stop codons or other deleterious mutations) have been 
compared to visual traits in primates in these studies. Liman and Innan (2003) found that 
deleterious mutations in the genes encoding the TRPC2 pathway, which is necessary for 
successful transduction of odorants detected by the vomeronasal system, were greater in 
catarrhines with trichromatic vision. Gilad et al. (2004) supported the hypothesis that 
there is a trade-off between routine trichromacy and olfaction by demonstrating that 
trichromatic primates, including catarrhines and Alouatta, have higher proportions of OR 
pseudogenes. However Matsui et al. (2010), when looking at the number of functional 
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  OR genes rather than pseudogenes, found there was no significant difference between the 
number of intact OR genes in catarrhines and New World monkeys, and that OR loss 
could not be explained by the acquisition of trichromatic color vision. Additionally, the 
presence of functional TRPC2 genes in Alouatta has been used to suggest that 
trichromatic color vision cannot be invoked to explain reduction in primate olfaction 
(Liman and Innan, 2003). Young et al. (2010) also suggested that trichromatic color 
vision could not fully explain the apparent relaxed selection on V1R genes in primates, as 
reduced numbers of intact V1R genes are present in tarsiers and platyrrhines. 
Interestingly, none of these studies has looked at the effect of trichromatic color vision on 
the two olfactory systems comparatively.  
 While primates are an understudied group where olfaction is concerned, there is 
mounting evidence that chemical signaling is important in their behavior. At the very 
least, it seems that most primates are able to identify sex, relatedness, and reproductive 
status of signalers through olfactory cues (Drea, 2014). Most evidence for scent marking 
and other olfactory behaviors come from studies on strepsirhines, tarsiers, and 
platyrrhines, but there is a great deal of evidence that olfaction mediates behaviors in 
catarrhines, including humans, as well. Behavioral studies suggest that humans and Old 
World monkeys can detect odorants at similar concentrations as New World monkeys 
and other macrosmatic mammals (Laska et al., 2000; Laska et al., 2007b). Additional 
studies indicate that humans, as well as catarrhine primates such as mandrills, produce 
responses to olfactory cues that are similar to pheromone-mediated behaviors in other 
mammals (Preti et al., 2003; Pause, 2004; Wysocki and Preti, 2004; Wyart et al., 2007; 
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  Charpentier et al., 2013). Thus there is little justification for a trade-off between olfaction 
and vision in primate behavior. 
 Much of the support for a trade-off between olfaction and vision in primate 
evolution has been drawn from comparative anatomical observations, though these 
observations do not indicate a reduced reliance on olfaction in all primates (Stephan and 
Andy, 1964; Stephan et al., 1981; Baron et al., 1982; Martin, 1990; Heritage, 2014). 
Strepsirhines retain well-developed neuroanatomical components of the main and 
vomeronasal system (MOS and VNS respectively) that resemble other mammals 
(Schilling, 1970; Smith et al., 2005; Smith et al., 2007b; Smith and Rossie, 2008; Garrett 
et al., 2013). Haplorhines however do show some reduction in anatomical components of 
these systems. Relative olfactory bulb size in haplorhines is smaller compared to 
strepsirhines and some other mammals, and the VNS varies extensively within the 
Haplorhini (Baron et al., 1982; Smith et al., 2001; Smith et al., 2002; Smith et al., 2003b; 
Smith et al., 2003c; Smith et al., 2007b; Smith et al., 2011b). Tarsiers and platyrrhines 
maintain a vomeronasal organ (VNO) though it differs in epithelial organization 
compared to most mammals (Smith et al., 2003b; Smith et al., 2003c; Smith et al., 
2011b). Tarsiers and platyrrhines also possess an accessory olfactory bulb, which is 
important for processing signals from the VNO (Meisami and Bhatnagar, 1998). 
Catarrhines however lack an accessory olfactory bulb and functional VNO. The VNO is 
variably present as a non-functional vestige in hominoids, while it appears to be 
completely absent in cercopithecoids. Interestingly, there may be less variation in 
anatomy relating to the MOS compared to the VNS in primates, suggesting different 
patterns of selection on these two systems in primate evolution.  
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   It is important to note that while there is substantial overlap in the functions of the 
MOS and VNS, they are neuroanatomically distinct and appear to be tuned to detect 
different types of stimuli (Firestein, 2001; Baxi et al., 2006; Kelliher, 2007; Martínez-
García et al., 2009; Papes et al., 2010; Isogai et al., 2011; Fortes-Marco et al., 2013; 
Ibarra-Soria et al., 2013). The MOS appears to be broadly tuned to detect a wide array of 
stimuli, including ecologically and socio-sexually relevant odorants, and responses 
mediated by the MOS are largely experience-dependent. The VNS appears to be 
narrowly tuned and is responsible for the detection of species-specific, non-volatile 
odorants that produce innate responses by the receiver. The VNS also responds 
specifically to intraspecific pheromones and to kairomones from predators. Because there 
is mounting evidence that the two olfactory systems are differentially tuned, and 
potentially under different selection regimes, it appears that acquisition of trichromatic 
vision in some primates may have affected each system differently. Specifically it 
appears that the VNS, which is either absent or vestigial in catarrhines, has been affected 
more than the MOS, given that the MOS can detect a broader range of odorants for 
different purposes. In this chapter, the hypothesis that the VNS is affected by the 
acquisition of trichromatic color vision while the MOS is unaffected is tested.  
 
MATERIALS AND METHODS 
  To test this hypothesis that color vision has affected the olfactory systems in 
primates differentially, phylogenetic analysis of variance (ANOVA) tests were performed 
on continuous anatomical variables of the VNS and MOS, as well as on the total number 
and proportion of intact V1R and OR genes, and color vision categories. 
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Table 6. 1. Mean data values used in analyses. 
Species 
Subord
er 
Color 
Vision 
VNG 
Length 
(mm) 
HBL 
(mm) 
Ethmoid 
Area (mm2) 
Skull Area 
(mm2) 
Functional 
V1R Genes 
V1R 
Pseudogen
es 
Functional 
OR Genes 
OR 
Pseudoge
nes 
Visual 
Acuity 
Arctocebus 
calabarensis Strep M 3.85 267 
      
59.61 
Avahi laniger Strep D 3.69 315 
       Cheirogaleus 
major Strep M 9.86 240 
      
8.3 
Cheirogaleus 
medius Strep M 6.16 191 
      
10 
Eulemur 
macaco Strep D 5.55 450 
       Eulemur 
mongoz Strep D 3.57 343 
       Euoticus 
elegantulus Strep M 6.00 196 36 1430 
     Galago 
moholi Strep M 5.17 159 
       Hapalemur 
griseus Strep D 4.91 280 
       Indri indri Strep D 7.62 700 
       Lemur catta Strep D 7.87 425 
       Lepilemur 
mustelinus Strep D 5.74 325 13.879 914.48 11 15 366 258 30 
Loris 
tardigradus Strep M 4.11 212 
       Microcebus 
murinus Strep D 6.03 121 14.5 4068 
    
54.75 
Microcebus 
rufus Strep D 8.62 137.5 
  
45 17 
   
Mirza 
coquereli Strep D 11.61 200 17.6 734 61 13 
  
2.84 
Nycticebus 
coucang Strep M 6.00 309 78 3290 
    
5.14 
Nycticebus 
pygmaeus Strep M 6.97 250 78 3290 37 5 
   Otolemur 
crassicaudat
us Strep M 5.13 328 
       Otolemur 
garnettii Strep M 5.17 347.5 
  
58 12 
  
6.7 
Perodicticus 
potto Strep M 4.26 325 135 25946 0 27 508 342 
 Phaner 
furcifer Strep D 4.37 260 
  
49 8 
   Propithecus 
diadema Strep PT 2.75 500 132 17018 3 30 581 252 64 
Propithecus 
verreauxi Strep D 5.59 495 
       Varecia 
variegata 
variegata Strep PT 8.74 500 
  
27 14 
  
6.7 
Alouatta 
caraya Hap T 2.55 737 
       Alouatta 
seniculus Hap T 7.12 560 
       Aotus azarea Hap M 3.14 305 
       Aotus 
trivirgatus Hap M 3.04 280 27.2 7499 0 20 464 269 46 
Ateles 
geoffroyi Hap PT 7.13 509 
  
96 12 573 404 4.2 
Cacajao 
calvus Hap PT 5.71 553 
       Callicebus 
cupreus Hap PT 3.20 338.5 
       Callicebus 
moloch Hap PT 2.96 305 77.0189 
5683.97
4663 3 26 
   Callimico 
goeldii Hap PT 2.03 270 
  
47 33 
   Callithrix 
jacchus Hap PT 1.92 193 
       Callithrix 
pygmaea Hap PT 1.31 134.5 
  
63 19 
  
4.8 
Cebus apella Hap PT 7.89 435 
    
432 370 
 Gorilla 
gorilla 
gorilla Hap T 0.00 1600 49.0314 
14384.0
0661 6 20 550 315 64.28 
Homo 
sapiens Hap T 0.00 1734 36.1645 
8596.24
4022 2 30 
   Leontopithec
us rosalia Hap PT 1.59 261 41.5 2031 
     Macaca 
nemestrina Hap T 0.00 516 23.7 1252 44 33 
   Nomascus 
leucogenys Hap T 0.00 546 
       Pan 
troglodytes 
troglodytes Hap T 0.00 839 75 30149 6 71 511 420 
 Papio 
hamadryas Hap T 0.00 696 
       Pithecia 
pithecia Hap PT 3.00 330 
  
58 12 
   
Pongo 
pygmaeus Hap T 0.00 875 
       Saguinus 
bicolor Hap PT 3.41 225 1.94 1090 
     Saguinus 
geoffroyi Hap PT 3.11 225 
       Saguinus 
oedipus Hap PT 3.96 225 
       Saimiri 
boliviensis Hap PT 3.52 310 
       Saimiri 
oerstedii Hap PT 4.18 306 
      
40.5 
Saimiri 
sciureus Hap PT 3.80 306 27.4572 
1183.69
8208 28 36 
   Tarsius 
bancanus Hap D 2.80 111 
    
88 256 8.89 
Tarsius 
spectrum Hap D 3.44 122.5 59 3418 29 4 
   Abbreviations by column: Suborder - Strep = Strepsirhine, Hap = Haplorhine; Color Vision - M = Monochromatic, D = Dichromatic, 
PT = Polymorphic Trichromat, T = Routine Trichromat. 
Data on color vision category, and head and body length, ethmoid area, skull area, and visual acuity were taken from the literature. 
Jacobs (1996); Nowak (1999); Tan and Li (1999); Heesey and Ross (2001);  Jacobs et al. (2003); Pihlstrom et al. (2005); Perry et al. 
(2007); Ross and Kirk (2007); Jones (2009); Veilleux and Bolnick (2009); Veilleux and Kirk (2014).  
	   
 Color vision categories were documented for each species based on data available 
in the literature (Table 6.1). Each species was scored as a monochromat, dichromat, 
polymorphic trichromat, or routine trichromat based on cone distribution and type. 
Monochromats have only a medium (M) or long (L) wavelength opsin on the X 
chromosome, dichromats have a combination of the short (S) wavelength opsin in the 
autosomes and one M/L opsin on the X chromosome, polymorphic trichromats are 
heterozygous for the M/L opsin on the X chromosome so that only females are 
phenotypically trichromats, and routine trichromats have experienced a duplication event 
of the M/L opsin on the X chromosome so that both males and females possess the M and 
L opsin.  
 Anatomical variables were chosen based on results from Garrett and Steiper 
(2014) (also reported in Chapter 4) (Table 6.1). Size-adjusted vomeronasal groove 
(VNG) length, a proxy for VNO length, and area of the cribriform plate (referred to as 
ethmoid area) were chosen because they are strongly related to VR and OR gene 
repertoires respectively, and allow for analyses with larger sample sizes than what is 
currently possible for genetic data. However, Yoder et al. (2014) recently published new 
data on V1R genes in a larger sample of strepsirhine primates, and data from that analysis 
and Young et al. (2010) on the total number and proportion of intact V1R genes were 
also included in analyses (Table 6.1). Data on the number of intact OR genes, and the 
proportion that are functional, were taken from Hayden et al. (2010) (Table 6.1). VNG 
length was calculated from a sample of 53 primate species. Because phylogenetically 
corrected analyses were performed, species means had to be calculated as phylogenetic 
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  methods cannot currently be performed using multiple individuals from a species. Size-
adjusted VNG length was calculated as the mean VNG length for each species divided by 
head and body length (HBL) values collected from the literature. Ethmoid area was 
largely collected from the literature, and data for select species were collected from 
previous analyses (Pihlström et al., 2005; Garrett and Steiper, 2014). Size-adjusted 
ethmoid area was also included in the analysis by dividing ethmoid area by skull area 
(which was calculated by multiplying the length and width of the cranium). All 
continuous variables were log-transformed. Phylogenetic ANOVA tests were performed 
to determine if color vision categories have a significant effect on size-adjusted VNG 
length, ethmoid area, number of intact V1R genes, proportion of intact V1R genes, 
number of intact OR genes, and proportion of intact OR genes in primates. Analyses were 
performed on a pooled sample of all primates, as well as on strepsirhine and haplorhine 
subsamples for size adjusted VNG length. Ethmoid area and genomic data were only 
available for a limited number of species, and subsamples did not have enough data 
points for comparative statistical analyses. Phylogenetic ANOVA tests were performed 
using the phylogenetic least squares regression function in the caper package in R (Orme 
et al., 2011).  Post-hoc tests were performed to test for differences between color vision 
groups when ANOVA models were significant. Additionally, critical levels of 
significance were adjusted using the Bonferroni and Benjamni Yeukateli methods to 
control for Type I and Type II errors.  
 The primate visual system is not only unique in the extent of color vision 
phenotypes, but also because primates have higher visual acuity than other mammals. 
Visual acuity, or spatial resolution, is especially high in haplorhines and could also 
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  partially explain changes in reliance on the olfactory systems. Data on visual acuity were 
recorded from Veilleux and Kirk (2014) (Table 6.1) and PGLS regression analyses were 
conducted to determine the relationship between size-adjusted VNG length with visual 
acuity. Ethmoid area was excluded from this analysis because there were not enough data 
points for statistical analysis. 
 
RESULTS 
 Phylogenetic ANOVA revealed that when all primates are analyzed, color vision 
categories do not have a significant effect on size adjusted VNG length or ethmoid area 
(Tables 5.7,6.2). However, there is a clear decrease in size-adjusted VNG length as color 
vision becomes more complex (Fig. 5.4). When strepsirhines are removed from the 
analysis, the effect of color vision phenotypes on size-adjusted VNG length is significant 
(p<0.05) (Table 6.3). The largest effect comes from the decrease in size-adjusted VNG 
length in routine trichromats compared to dichromats (Table 6.3, Fig. 5.4).  
 There is a significant effect of color vision phenotypes on size-adjusted ethmoid 
area (Table 6.2). This result seems to be driven largely by the significant decrease in size-
adjusted ethmoid area between monochromats and routine trichromats; and dichromats 
and both polymorphic and routine trichromats (Table 6.2, Fig. 6.1). These results may 
need to be treated with caution, since size-adjusted variables of the MOS may not be the 
best way to assess olfactory ability (Smith et al., 2004; Pihlström et al., 2005; Drea, 
2014). 
 A significant effect is also observed on the total number, and proportion, of intact 
V1R genes and color vision categories (Table 6.3, Fig. 6.2). For both total numbers of 
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  intact V1R genes and proportion of intact V1R genes, there is a significant decrease 
between all non-routine trichromat categories and routine trichromats. While there were 
not enough data on OR genes for reliable statistical analyses, it is interesting to note that 
routine trichromats had relatively large functional OR repertoires compared to all other 
color vision groups in primates, which confirms results from several other studies (Table 
6.4, Fig. 6.3).  
 Results from a PGLS regression analysis of visual acuity and size-adjusted VNG 
length reveal a significant negative relationship (Table 6.5, Fig. 6.4). Increased visual 
acuity is associated with shorter size-adjusted VNG length across primates, albeit in a 
small sample.
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  Table 6. 2. Results of phylogenetic ANOVA tests of absolute and size-adjusted ethmoid area by color vision category, and post-hoc 
comparisons 
Variable λ df MS F p(F) M-D (t, p) M-Pt (t, p) M-T (t, p) 
log Ethmoid 0 13 0.0913 3.40 0.051 0.2976 (0.44, 0.67) -0.6830 (-1.01, 0.33) 0.8577 (1.37, 0.19) 
log Ethmoid Adj 0 13 0.0006 13.68 2.6E-04 0.0005 (0.13, 0.90) -0.0126 (-3.04, 0.01) -0.0162 (-4.23, 0.001) 
Variable λ df MS F p(F) D-Pt (t, p) D-T (t, p) Pt-t (t, p) 
log Ethmoid 0 13 0.0913 3.40 0.051 -0.9805 (-1.78, 0.10) 0.5601 (1.15, 0.27) 1.5406 (3.15, 0.008) 
log Ethmoid Adj 0 13 0.0006 13.68 2.6E-04 -0.0131 (-3.88, 0.002) -0.0168 (-5.59, 0.00009) -0.0037 (-1.22, 0.24) 
Variable abbreviations: Ethmoid, absolute area of the ethmoid; Ethmoid Adj, size-adjusted ethmoid area. Column abbreviations: df, 
degrees of freedom; MS, mean squared error within groups from ANOVA tests; F, ANOVA F-statistic; p(F), probability of 
significance between group variance for ANOVA; M, monochromatic; D, dichromatic; Pt, polymorphic trichromatic; T, routine 
trichromatic. For the post-hoc tests, the difference between group means is presented, followed in parentheses by the t-value and p-
value for student's paired sample t-test. Bold values are significant after using the Bonferroni correction, italicized values are 
significant after BY correction.  
 
 
Figure 6. 1. A, absolute ethmoid area by color vision category; B, size-adjusted ethmoid area by color vision category 
 
 
	  Table 6. 3. Results of phylogenetic ANOVA tests of intact V1R genes and the proportion of functional V1R genes by color vision 
category, and post-hoc comparisons 
Variable λ df MS F p(F) M-D (t, p) M-Pt (t, p) M-T (t, p) 
log Prop. 
V1R 0 17 
0.089
5 
17.2
7 
2.1E-
05 
-
0.0408 
(-0.10, 
0.93) 
-
0.1914 (-0.30, 0.77) 
-
2.5940 (-5.80, 0.00002) 
log  Intact 
V1R 0 17 
0.067
5 
34.6
2 
1.8E-
07 
-
0.1973 
(-0.58, 
0.57) 
-
1.0696 (-2.22, 0.04) 
-
2.9037 
(-8.60, 
0.0000001) 
Variable λ df MS F p(F) D-Pt (t, p) D-T (t, p) Pt-t (t, p) 
log Prop. 
V1R 0 17 
0.089
5 
17.2
7 
2.1E-
05 
-
0.1507 
(-0.25, 
0.81) 
-
2.5533 (-6.25, 0.000009) 
-
2.4026 (-3.92, 0.001) 
log  Intact 
V1R 0 17 
0.067
5 
34.6
2 
1.8E-
07 
-
0.8724 
(-1.89, 
0.08) 
-
2.7064 
(-8.78, 
0.0000001) 
-
1.8341 (-3.97, 0.001) 
Variable abbreviations: Prop. V1R, the proportion of intact V1R genes; Intact V1R, the total number of intact V1R genes. Column 
abbreviations: df, degrees of freedom; MS, mean squared error within groups from ANOVA tests; F, ANOVA F-statistic; p(F), 
probability of significance between group variance for ANOVA; M, monochromatic; D, dichromatic; Pt, polymorphic trichromatic; T, 
routine trichromatic. For the post-hoc tests, the difference between group means is presented, followed in parentheses by the t-value 
and p-value for student's paired sample t-test. Bold values are significant after using the Bonferroni correction, italicized values are 
significant after BY correction.  
 
 
 
Figure 6. 2. A, total intact V1R genes by color vision category; B, the proportion of intact V1R genes by color vision category.
	  Table 6. 4. Results of phylogenetic ANOVA tests of intact OR genes and the proportion of functional OR genes by color vision 
category, and post-hoc comparisons 
Variable λ df MS F p(F) M-D (t, p) M-Pt (t, p) M-T (t, p) 
log Prop OR 0 4 0.0104 0.76 0.571 0.0886 (0.71, 0.52) 0.08855 (0.71, 0.52) 0.1415 (1.46, 0.22) 
log Intact OR 0 4 0.0100 6.58 0.050 0.2819 (2.34, 0.08) -0.16538 (-1.37, 0.24) 0.1875 (2.01, 0.12) 
Variable λ df MS F p(F) D-Pt (t, p) D-T (t, p) Pt-t (t, p) 
log Prop OR 0 4 0.0104 0.76 0.571 7.1E-15 (0, 1) 5.29E-02 (0.55, 0.61) 0.0529 (0.55, 0.61) 
log Intact OR 0 4 0.0100 6.58 0.050 -0.4473 (-3.71, 0.02) -0.0944 (-1.01, 0.37) 0.3528 (3.77, 0.02) 
Variable abbreviations: Prop OR, the proportion of intact OR genes; Intact OR, the total number of intact OR genes. Column 
abbreviations: df, degrees of freedom; MS, mean squared error within groups from ANOVA tests; F, ANOVA F-statistic; p(F), 
probability of significance between group variance for ANOVA; M, monochromatic; D, dichromatic; Pt, polymorphic trichromatic; T, 
routine trichromatic. For the post-hoc tests, the difference between group means is presented, followed in parentheses by the t-value 
and p-value for student's paired sample t-test. Bold values are significant after using the Bonferroni correction, italicized values are 
significant after BY correction.  
 
 
Figure 6. 3. A, total intact OR genes by color vision category; B, the proportion of intact OR genes by color vision category. 
	  Table 6. 5. Results of phylogenetic least squares regression test of log size-adjusted VNG length vs log visual acuity 
Test λ df F R2 p(F) 
log Size Adjusted VNGL~log Visual Acuity 0 11 28.62 -0.72 2.3E-04 
Column abbreviations: df, degrees of freedom; F, phylogenetic least squares regression tests F-statistic. Bold values are 
significant after using the Bonferroni correction.  
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  Figure 6. 4. Scatterplot of log visual acuity on the x-axis and log size-adjusted 
vomeronasal groove length on the y-axis. Triangles represent strepsirhines and circles 
represent haplorhines. Blue points represent nocturnal taxa while green points 
represent diurnal taxa. The PGLS regression line is represented in black. 	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DISCUSSION   
  The hypothesis that primates as an order have reduced their reliance on olfaction 
due to better visual adaptations cannot be supported given the mounting behavioral, 
anatomical, and genetic evidence. Strepsirhines certainly have olfactory adaptations 
similar to most mammalian groups, so any reduction in olfactory capabilities would have 
occurred within the order. Additionally, greater attention to olfaction in behavioral 
studies has revealed that all primates rely to some extent on chemical communication, 
and the notion that olfaction is reduced, even in catarrhines, is probably not accurate 
(Drea, 2014). Thus the hypothesis for an overall trade-off should be rejected and perhaps 
replaced with a much more nuanced version that takes differential changes in the MOS 
and VNS into account. 
 The results from this study can be interpreted to support a hypothesis that the 
acquisition of trichromatic color vision affected relaxed selection against the VNS, as 
several other authors have suggested (Liman and Innan, 2003; Liman, 2006), but did not 
significantly affect selection on the MOS.  There is a significant decrease in size-adjusted 
VNG length in trichromatic haplorhines (Fig. 5.4). This significant relationship may be 
largely driven by VNO loss in catarrhines, but there is a clear negative relationship 
between size-adjusted VNG length and increased color vision complexity (i.e., ability to 
discriminate more colors based on the presence of more cone variants). There is also a 
significant drop-off in intact, and presumably functional, V1R genes in routine 
trichromats compared to all other color vision categories (Fig. 6.2).  This combination of 
genetic and anatomical evidence provides compelling support for the hypothesis that in 
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  routine trichromats, and at least in trichromatic catarrhines, there was relaxed selection on 
the VNS. Additional data on V1R repertoires for platyrrhines, particularly the genus 
Alouatta, will be useful in refining this hypothesis.    
 One major limitation for this study is that data for the MOS are not as robust as 
data for the VNS. Comparative data on OR gene repertoires in primates are currently 
limited (Gilad et al., 2004; Mundy, 2006; Hayden et al., 2010; Matsui et al., 2010), as 
was the sample of primates for which ethmoid area was known. However, the results on 
variation in the MOS as it relates to color vision reveal that absolute ethmoid area is not 
significantly affected by acquisition of color vision. While statistical analyses could not 
be reliably applied for OR gene numbers, it is interesting that the total number of intact as 
well as the proportion of functional OR genes do not vary extensively across primates or 
across color vision categories (Fig. 6.3). This could be an artifact of poor sampling, or 
perhaps a preliminary indication that the MOS has not undergone significant “reduction” 
in response to the acquisition of color vision.  
 The significant relationship between size-adjusted ethmoid area and color vision 
categories is interesting. There is a significant decrease in size-adjusted ethmoid area as 
color vision becomes more complex across primates based on this study (Table 6.2, Fig. 
6.1). However, it is important to note that across mammals, there is no significant 
relationship between size-adjusted ethmoid area and OR gene repertoires (this study; 
Garrett and Steiper, 2014). For the MOS, absolute size of the ethmoid - a correlate of 
absolute surface for olfactory epithelium - may be a more reliable indicator of olfactory 
ability in mammals. As Smith et al. (2004) noted receptor cell size does not scale 
isometrically with body size, so that differently sized animals with similar epithelial areas 
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  could have similar densities of receptor cells. There is also no clear relationship between 
size of main olfactory structures and olfactory sensitivity or discrimination (Pihlström et 
al., 2005; Drea, 2014). Differences in size-adjusted ethmoid area across primates may 
also be related to other factors, such as orbit size.  
 The negative relationship between size-adjusted VNG length and visual acuity is 
interesting and certainly warrants further attention. Much attention has been paid to the 
idea that color vision has led to a “trade-off” with olfaction in primates, but less has been 
paid to the possibility that a broader shift toward higher visual acuity could have affected 
the olfactory systems. There is a clear distinction between the visual acuity of 
strepsirhines and haplorhines, with haplorhines showing a significant increase (Fig. 6.4). 
There are also multiple lines of evidence for relaxed selection on the VNS in non-
catarrhine haplorhines, indicating that the VNS may not have been crucial to survival or 
reproduction long before the evolution of routine trichromacy (Young et al., 2010; 
Hohenbrink et al., 2013). A possible functional explanation for this is that cones impose a 
higher metabolic cost than rods (Okawa et al., 2008). Neural tissues underlying sensory 
systems are costly to produce and maintain (Niven and Laughlin, 2008), and it stands to 
reason that an organism cannot allocate equal amounts of neurological tissue to many 
costly sensory systems. The high visual acuity in haplorhines is facilitated by a cone-
dense retinal fovea, which evolved in their last common ancestor that was presumably 
diurnal (Williams et al., 2010). Greater spatial resolution in a diurnal environment may 
have increased selection for visual signals, but also may have imposed metabolic costs 
related to the higher density of cones. Because the MOS and VNS overlap in their 
detection and mediation of socio-sexual signals, it is possible that the VNS became 
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  redundant and imposed higher energetic costs than benefits. Such a scenario could 
explain why all functional components of the VNS were eventually lost in catarrhines 
while the MOS was maintained.  
 It is likely that a number of ecological differences between strepsirhines and 
haplorhines, particularly cercopithecoids, have driven relaxed selection on the VNS 
relative to the MOS. Almost all extant haplorhines are diurnal, save tarsiers and the genus 
Aotus, which became secondarily nocturnal. Increased activity in photopic (brighter) 
environments may have driven selection for higher visual acuity in haplorhines, which 
among mammals uniquely possess a retinal fovea. Compared to strepsirhines and other 
mammals, haplorhines appear to have undergone selection for greater visual 
specializations due to this shift in activity pattern, which in turn could have altered the 
types of signals important in food and mate selection, as well as predator avoidance. 
Selection for greater visual capabilities may have become even more important in 
catarrhines, which are hypothesized to have started inhabiting more open habitats, where 
visual signals could be detected at greater distances. Opsin diversification, leading to 
varying degrees of color vision, would be beneficial in this more photopic environment if 
it could aid in the finer discrimination of important signals such as fruit ripeness. Indeed, 
greater opsin diversity is present in diurnal primates, especially diurnal anthropoids.  
 The incorporation of more visual signals in haplorhine sensory repertoires likely 
selected for an increase in cones in the retina as well as the maintenance of varying forms 
of trichromacy. Platyrrhines (but also some diurnal lemuriforms) acquired a 
polymorphism at the M/L opsin locus on the X chromosome, allowing females to express 
trichromatic phenotypes (Jacobs, 1996; Jacobs et al., 1996; Osorio and Vorobyev, 1996; 
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  Tan and Li, 1999; Dominy and Lucas, 2001; Regan et al., 2001b; Surridge et al., 2003). 
A similar event occurred in catarrhines and Alouatta, where the M/L opsin locus 
experienced a duplication, producing trichromatic phenotypes in both females and males. 
While the extent to which certain factors drove selection for trichromatic phenotypes, 
discrimination between ripe and unripe fruits is a possible benefit of trichromatic vision 
as is the discrimination of young red leaves against a background of mature green leaves 
(Osorio and Vorobyev, 1996; Dominy and Lucas, 2001; Regan et al., 2001b). In addition 
to foraging benefits, trichromatic color vision appears to play a role in male 
discrimination of female sexual swellings, which has implications for the timing of 
mating and increased reproductive success (Dubuc et al., 2009; Higham et al., 2012). 
Catarrhines, especially the cercopithecoids (although this trait is also present in Pan), are 
the only primates to display female sexual swellings, and in turn this is the only primate 
clade to have routine trichromatic vision and not possess a functional VNS. 
 Most signals are multimodal, and there is ample evidence that even 
cercopithecoids use other senses, including olfaction, in food and mate selection. Thus, it 
is unlikely that advances in one sensory system will lead to the outright deterioration of 
another.  However, because sensory systems are metabolically costly, development of 
systems should be expected to change relative to their selective importance. In primates 
there is not simple reduction in olfaction, but rather the loss of emphasis on a subsystem 
of olfaction in higher primate evolution. The MOS is maintained in all primate groups, 
while the VNS is clearly lost in catarrhines and possibly undergoing reduction in the 
platyrrhines. Rather than discussing this scenario as a “trade-off” between the visual and 
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  olfactory systems, it may be more appropriate to think of it as “reallocation” of VNS 
function to the MOS.  
 
SUMMARY AND CONCLUSIONS 
 Based on mounting behavioral, genomic, and anatomical data it is clear that there 
has been no uniform trade-off between olfaction and vision in primates. Rather, each 
olfactory system may be responding differently to selection pressures, and many of the 
roles of vomeronasal olfaction were likely reallocated to the main olfactory and visual 
systems. The results of this study offer compelling evidence that the VNS was affected 
more strongly than the MOS with the acquisition of varying forms of color vision.  
However more data are needed on variables pertaining to the MOS.  Size-adjusted length 
of the VNG is lowest in routine trichromats, however size-adjusted VNG length does not 
differ significantly between primates with different color vision phenotypes when 
catarrhines are removed. There is a general decrease in both VNG length and intact V1R 
genes, however, which may be related to a general shift in sensory reliance in the 
haplorhine common ancestor. In fact when size-adjusted VNG length was regressed 
against visual acuity, there was a significant negative relationship between the two 
variables. The acquisition of high visual acuity may have been an initial driving factor in 
heavier reliance on vision, and perhaps main olfaction, than vomeronasal mediated 
olfaction in primate evolution. Heavier reliance on vision, and the already present 
proliferation of cones, may then have lead to the maintenance of trichromatic genotypes 
and phenotypes. The heavy reliance on visual cues in catarrhines, especially those that 
convey conspecificity or mate quality at a distance, may then have rendered vomeronasal 
olfaction unnecessary, leading to the outright loss of the VNS.  
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   The sensory trade-off, or visual priority, hypothesis should be viewed in a more 
nuanced fashion in the future – by investigating the way each olfactory system may have 
been influenced by gains in the visual system. Additionally it may be more appropriate to 
consider the loss of the VNS in primates as a reallocation of this system to the main 
olfactory and visual systems, rather than a trade-off.  Finally, a series of events is 
proposed to understand this sensory reallocation:  
 1.) Both olfactory systems were maintained and likely well-developed in the 
common ancestor of all primates. 
 2.) The VNS began to undergo relaxed selection after the split of strepsirhines and 
haplorhines. Diurnal activity cycles would have selected for higher visual acuity, and 
perhaps living in gregarious groups enhanced the need to communicate with visual and 
main olfactory cues over vomeronasal-mediated cues. 
 3.) The use of main olfactory cues and detailed visual cues was well-developed in 
the common ancestor of catarrhines, and a transition to more open habitats would have 
selected for visual signals of mate quality (which could be viewed at a distance) negating 
the need for vomeronasal mediated cues. Such a scenario would have lead to the outright 
loss of the VNS as it no longer provided a unique selection benefit. 
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CHAPTER 7: THE VOMERONASAL GROOVE IN FOSSIL 
PRIMATES: A MEANS FOR TESTING THE SENSORY TRADE-OFF 
HYPOTHESIS. 
 
Abstract: The hypothesis that there was a trade-off between vision and olfaction during 
primate evolution is pervasive in physical anthropology. Many studies have focused on 
this hypothesis using anatomical and genetic data, but few studies have been able to test 
this hypothesis from a paleontological perspective. This is due in large part to the soft-
tissue nature of the sensory systems. Up until now, the best proxy for olfaction in extinct 
animals has related to olfactory bulb volume reconstructions from endocasts, but this fails 
to take into account the vomeronasal system. Previous chapters of this dissertation have 
established that the vomeronasal groove is a reliable osteological proxy for the 
vomeronasal organ, which is the peripheral sensory organ of the vomeronasal system. 
Because the vomeronasal groove is formed on the superior surface of the palatal portion 
of the maxilla, it may occasionally be preserved in fossil material. This study provides the 
first analysis of the vomeronasal groove in extinct primates. The vomeronasal groove was 
identified in a broad taxonomic range of primate fossils, including plesiadapiforms, 
adapiforms, omomyiforms, stem and crown anthropoids, and early stem catarrhines. The 
vomeronasal groove was likely not lost until the divergence of advanced stem, or even 
crown, catarrhines. These observations reject the prediction that there was reduced 
reliance on olfaction in early primate evolution, but cannot confirm nor reject reduced 
reliance in early haplorhines. Observations from catarrhine fossils do confirm that the 
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  vomeronasal organ was probably completely lost in advanced stem or early crown 
catarrhines. Most importantly, the vomeronasal groove is a trait that can be used to study 
aspects of vomeronasal sensory anatomy in extinct mammals. 
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  INTRODUCTION 
During primate evolution, relaxed selection on olfaction, particularly on the 
vomeronasal system (VNS), in favor of higher visual acuity is hypothesized to have 
occurred (Elliot-Smith, 1927; Le Gros Clark, 1959; Cartmill, 1974; Cartmill, 1992; 
Zhang and Webb, 2003; Smith et al., 2007b; Williams et al., 2010). While support for an 
overall reduction in all primates is waning, various lines of evidence support the 
inference that haplorhines have reduced their reliance on vomeronasal-mediated olfaction 
compared to strepsirhines and most other mammals. Studies on the vomeronasal receptor 
genes (V1R and V2R genes) demonstrate reduced numbers of functional gene copies in 
haplorhines (Young et al., 2010; Hohenbrink et al., 2013; Yoder et al., 2014). Data on 
V1R genes from Young et al. (2010) and Yoder et al. (2014) indicate that strepsirhines 
have significantly more intact and presumably functional genes than haplorhines. 
Haplorhines also have much larger proportions of pseudogenes in their V1R repertoires.  
Additionally there is evidence for reduction in the V2R gene repertoire in haplorhines 
(Hohenbrink et al., 2013). All strepsirhines that have been analyzed maintain two intact 
V2R loci in their genomes, whereas one locus has become a pseudogene in tarsiers, and 
both loci are presumably pseudogenes in anthropoids (Hohenbrink et al., 2013).   
Anatomical variation in the VNS (also referred to as the accessory olfactory 
system) also provides evidence for its reduced role in some haplorhines. Strepsirhines 
maintain all functional components of the VNS, including a functional vomeronasal 
organ (VNO) that is similar in microanatomy to that of other mammals (Dennis et al., 
2004; Smith et al., 2004; Smith et al., 2005; Smith et al., 2007b; Garrett et al., 2013; 
Smith et al., 2014). Strepsirhines also have a well-developed accessory olfactory bulb, to 
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  which the VNO projects information (Meisami and Bhatnagar, 1998; Evans, 2006). 
Finally, all strepsirhines retain a wet rhinarium, which presumably facilitates the transfer 
of odorous molecules to the VNO.  Associated with a wet rhinarium is the oblique 
orientation of the nasolacrimal duct, which is found in strepsirhines and most other 
mammals (Rossie and Smith, 2007).  
Haplorhines diverge from many of these anatomical patterns of the VNS. For 
instance, the VNO of tarsiers and platyrrhines has a different arrangement of sensory and 
non-sensory epithelium compared to the general mammalian condition retained in 
strepsirhines (Smith et al., 2001; Smith et al., 2002; Smith et al., 2003b; Smith et al., 
2003c; Bhatnagar and Smith, 2006; Smith et al., 2007b; Smith et al., 2011a; Smith et al., 
2011b). Tarsiers and platyrrhines also have an accessory olfactory bulb, though it is 
reduced in size compared to strepsirhines (Meisami and Bhatnagar, 1998). Catarrhines 
have lost both a functional VNO and the accessory olfactory bulb. In cercopithecoids, 
both structures are completely absent in adults, while in hominoids the VNO is 
occasionally present as a non-functional vestige (Bhatnagar and Smith, 2001; Smith et 
al., 2001; Smith et al., 2002; Bhatnagar and Smith, 2003; Bhatnagar and Smith, 2006; 
Smith et al., 2007b). Additionally, extant haplorhines uniformly present a dry rhinarium, 
with which is associated a vertical orientation of the nasolacrimal duct, with 
developmental termination of the duct as it projects anteriorly to the rostrum (Rossie and 
Smith, 2007). During embryonic development the anterior projection of the nasolacrimal 
duct is reduced, so that all that is left in adults is a vertical duct at the level of the orbit. 
Such changes in nasal anatomy as it relates to the VNS must have been associated with 
changes in sensory behavior in the most recent common ancestor of crown haplorhines. 
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  Chemical communication clearly plays a role in the behavior of all extant 
primates, thus it must have been important throughout primate evolution. 
Chemosignaling can occur via both the VNS and the main olfactory system (MOS), so it 
is difficult to determine exactly which system moderates these behaviors. However, the 
outright loss of the VNS in crown catarrhines suggests that this particular system was not 
under heavy positive selection in their last common ancestor, and the increased numbers 
of V1R and V2R pseudogenes in the tarsiers and platyrrhines make the case for relaxed 
selection in early haplorhine evolution likely (Liman and Innan, 2003; Zhang and Webb, 
2003; Liman, 2006; Young et al., 2010; Hohenbrink et al., 2013; Yoder et al., 2014).   
Figure 7. 1. Cladogram showing evolutionary predictions for a sensory trade-off between 
olfaction and vision. 1 – represents the hypothesis that the first stage of olfactory 
reduction occurred when primates diverged from their closest relatives, possibly related 
to orbital convergence. 2- the second stage of olfactory reduction in response to the 
evolution of high visual acuity in haplorhines. 3 – the third stage of olfactory reduction in 
response to routine trichromatic color vision in catarrhines. 4 – the fourth stage of 
olfactory reduction in which cercopithecoids have lost all components of a functional 
vomeronasal system. 
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The primary explanation for VNS reduction and loss in primate evolution is a 
trade-off with the visual system (Fig. 7.1). All haplorhines but tarsiers and owl monkeys 
are diurnal and display a number of derived traits of the visual system. These derived 
features include loss of a tapetum lucidum, increased eye size, a macula lutea, and a 
cone-dense retinal fovea (Kirk and Kay, 2004). Anthropoids exhibit further 
specializations, namely varying forms of trichromatic vision (Jacobs, 1996; Jacobs et al., 
1996; Regan et al., 2001b; Bowmaker, 2008). Many versions of the sensory trade-off 
hypothesis (also referred to as the visual priority hypothesis) have focused on the 
acquisition of trichromatic color vision as the driving force in reducing selection on the 
olfactory systems (Zhang and Webb, 2003; Gilad et al., 2004; Liman, 2006; Nei et al., 
2008; Nummela et al., 2013). This makes some intuitive sense since catarrhines, the only 
primate clade in which both males and females are routinely trichromatic, lack a 
functional VNS. However, support for this hypothesis breaks down when trichromatic 
platyrrhines, and potentially strepsirhines, are taken into account. Some diurnal 
lemuriforms and most platyrrhines exhibit polymorphic trichromacy, in which a 
polymorphism for the medium to long wavelength opsin gene (M/L) occurs on the X 
chromosome (Tan and Li, 1999; Regan et al., 2001b; Veilleux and Bolnick, 2009). This 
polymorphism allows heterozygous females to express trichromatic vision. Behavioral 
studies on platyrrhines have confirmed functional trichromacy in some females, though 
the actual phenotypic expression and selective value is debated (Smith et al., 2003a; 
Melin et al., 2009; Hiwatashi et al., 2010; Fedigan et al., 2014; Melin et al., 2014). In 
addition to polymorphic trichromacy in most platyrrhine genera, in howler monkeys 
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  (genus Alouatta) both males and females are trichromats due to a duplication of the M/L 
opsin gene (Dominy and Lucas, 2001). The VNO appears to still be functional in 
Alouatta and other platyrrhines, suggesting that trichromacy does not negate 
vomeronasal-mediated olfaction (Smith et al., 2003b; Smith et al., 2011a; Smith et al., 
2011b). However, there is also the observation that relaxed selection on the VNS 
occurred once haplorhines diverged from strepsirhines, an event that predates acquisition 
of trichromatic color vision (Liman and Innan, 2003; Young et al., 2010; Hohenbrink et 
al., 2013). In Chapter 6 of this study, it was suggested that higher visual acuity may have 
played a role in the initial relaxation of selective pressures on the VNS in haplorhines, 
while routine trichromatic vision in catarrhines lead to VNO loss. Replacement of Old 
World dense tropical forests by more open deciduous woodlands during the early 
Miocene may have allowed for more efficient visual signaling, rendering VNO-mediated 
olfaction redundant to some visual cues such as female sexual swellings (Dixson, 1983; 
Rossie, 2005). 
Based on the current trait distribution of the VNO in extant primates, some 
evolutionary predictions can be made. First, a functional VNO similar to that found in 
most other mammals was presumably primitive for the primate order. VNO “reduction” 
or reorganization likely occurred in the most recent common ancestor of crown 
haplorhines. The common ancestor of catarrhines is equally likely to have lost the VNO 
or retained a functional yet reduced VNO similar to that found in tarsiers in platyrrhines. 
This prediction is made because hominoids occasionally express a vestigial VNO, 
implying that this is a primitive condition for catarrhines. Additionally there is some 
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  evidence that early stem catarrhine fossils maintain features associated with the VNO 
(Rossie, 2005). Crown cercopithecoids then would have lost the VNO entirely (Fig. 7.2).
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Figure 7. 2. Cladogram showing major primate groups and VNO character states based on categories described by Smith et al. (2001). 
Type I = well-developed with a medial sensory epithelium and lateral receptor-free epithelium; type II = sensory epithelium only; type 
III = sensory epithelium interspersed with nonsensory epithelium; type IV = respiratory epithelium and superior displacement; type 
V= absent. Cladogram traces character history for VNO character states using parsimony analysis (Mesquite software). A type I VNO 
was likely primitive for Euprimates. A type II VNO was most likely primitive for haplorhines based on its extant distribution. The 
ancestral state of catarrhines is equivocal, with type II or IV being equally likely.  	  	  
	   
Hard tissue correlates of the VNO and the fossil record 
 Currently the evolutionary scenario outlined above is not easily testable in the 
fossil record due to the soft tissue nature of the VNS. Hard tissue indicators of the VNO 
are therefore necessary to understand VNO-mediated olfaction in primate evolution. A 
few osteological indicators of a VNO/VNS in primates have been proposed, although 
they are necessarily indirect. Rosenberger and Strasser (1985) proposed that the 
considerable gap between the upper central incisors in fossil adapiforms may be an 
indicator of “anatomical strepsirhinism” and chemical communication. In extant 
strepsirhines, a relatively wide interincisal gap is present and may facilitate the 
movement of non-volatile stimuli from the external rhinarium into the VNO 
(Rosenberger and Strasser, 1985; Asher, 1998). Asher also suggested that a relatively 
large and complex nasal fossa can be a reliable indicator of pheromonal communication. 
Rossie (2005) has suggested the presence of an atrioturbinal ridge as an indicator of a 
VNO that can be found in some fossils. A cartilaginous atrioturbinal is present in extant 
strepsirhines and platyrrhines and appears to function in directing chemical stimuli 
superiorly into the olfactory region of the nasal fossa, or inferiorly into the VNO (Rossie, 
2005). This feature is not present in crown catarrhines and may have been lost when a 
functional VNO was lost. Although the cartilaginous turbinal does not fossilize, the 
atrioturbinal ridge supporting the atrioturbinal is osseous and observable in some fossil 
taxa (e.g. Aegyptopithecus, Kalepithecus, Limnopithecus evansi) (Rossie, 2005).  
 While the interincisal gap, a large nasal fossa, and presence of an atrioturbinal 
ridge may offer compelling indirect evidence of a VNO in some fossil primate crania, 
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  these features are not directly indicative of VNO presence or morphology. An 
osteological feature that may provide more direct empirical information about the VNO 
in primates is the vomeronasal groove (VNG) (described in Chapter 3) (Garrett et al., 
2009; Smith et al., 2011b; Garrett et al., 2013). The VNG forms a trough-like groove on 
the anterior portion of the nasal “floor” (posterior and slightly medial to the incisive 
fossa) by contact with the vomeronasal cartilage that encapsulates the VNO and extends 
the length of the organ (FIGS 7.2-7.8) (Smith et al., 2001; Bhatnagar and Smith, 2006).  
Interestingly, a similar feature has been described, but not formally named in fossils of 
stem mammals (Broom, 1930; Kemp, 1969; Cluver, 1971; King, 1981; Duvall et al., 
1983; Maier et al., 1996; Hillenius, 2000). Most notably Cluver (1971), when describing 
the stem mammal, Lystrosaurus, observed “grooves for the vomeronasal organ” on the 
floor of the nasal chamber which was taken as evidence for a VNO.  Despite such 
descriptions, a consensus on features related to a VNO in fossils has been debated 
(Hillenius, 2000), and the relationship between the VNO and VNG has not been formally 
quantified until this study. Results from Chapter 3 and 4 of this dissertation, and Garrett 
and Steiper (2014) demonstrate a positive relationship between size-adjusted length of 
the VNO and VNG, and the proportion of functional V1R genes in primates and other 
mammals. Thus VNG presence and length are associated to some degree with VNO 
function. Most importantly for this study, the VNG provides an osteological correlate of 
the VNO that can potentially be found in fossils. 
 This study provides the first analysis of the VNS in extinct primates. Fossils 
representing most primate clades were scanned using high resolution CT technology and 
observed using 3D imaging software. The VNG was present in many specimens, which 
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  allowed for evolutionary hypothesis testing. Distribution of the VNG in fossil taxa 
supports the evolutionary predictions outlined above and demonstrates that this character 
will be useful in studying sensory evolution for primates and possibly other extinct taxa.  
 
METHODS 
Taxonomic Sampling  
 Fossils representing a broad taxonomic sample of extinct primates were sought 
out for analyses (Table 2.2). Two plesiadapiforms were included in the analysis, the 
paromomyid Ignacius greybullianus (USNM 421608) and plesiadapid Pronothodectes 
gaoi (UALVP 43098). The plesiadapiforms, an extinct group of mostly Paleocene 
mammals, are generally placed at the base of the primate lineage as “archaic” primates or 
as a sister group to euprimates (Bloch et al., 2007; Fleagle, 2013). Thus plesiadapiforms 
should retain many features that are primitive to the order. Fossils of Notharctus 
tenebrosus (AMNH 131764), Adapis parisiensis (QD84, QD102, Q13), and Mahgarita 
stevensi (TMM 41578-9) represent the adapiforms. Adapiforms, a group of mostly 
Eocene euprimates, are generally considered stem strepsirhines, and they should retain 
many primitive characteristics as well (Godinot, 1998; Gebo, 2002). Rooneyia viejaensis 
(TMM 40688-7), respresents the omomyiforms. The relationship of omomyiforms to 
extant primate clades is debated, though they most likely represent one or more lineages 
of stem haplorhines (Gunnell and Rose, 2002). The taxonomic placement of Rooneyia is 
particularly enigmatic, with some authors placing it close to the Anthropoidea, or the 
Omomyidae, or without any affiliation to current known groups (Gunnell and Rose, 
2002; Rosenberger, 2006; Fleagle, 2013; Kirk et al., 2014). For the purpose of this 
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  analysis, Rooneyia is considered a member of the omomyiforms. A partial maxilla of 
Biretia megalops (DPC 22279D), as well as crania from Parapithecus grangeri (DPC 
18651) and Proteopithecus sylviae (CGM 42214) represent stem anthropoids. CT scans 
of a cranium of Homunculus patagonicus represents a fossil crown platyrrhine. Several 
specimens of Aegyptopithecus zeuxix (CGM-8578, CGM 40237) were observed as 
representatives of Propliopithecoidea, a superfamily of Oligocene stem catarrhines. An 
advanced stem catarrhine, Saadanius hijazensis (SGS -UM 2009-002), was included as it 
may resemble the crown catarrhine condition for many features (Zalmout et al., 2010). 
Finally, several subfossil lemurs including Megaladapis edwardsi (AMNH 30024-A2), 
Archaeolemur majori (AMNH 30007), and Palaeopropithecus ingens (AMNH 30013, 
AMNH 93827) were observed as representatives of extinct crown strepsirhines. 
Imaging 
 In order to visualize the VNG, high resolution CT scans of fossils were acquired 
for analysis. Several fossil scans were graciously provided by colleagues, and new 
specimens were chosen from the Mammalogy and Vertebrate Paleontology Departments 
at the American Museum of Natural History (AMNH) and scanned at the museum’s 
MicroImaging Facility (Table 7.1).  A GE phoenix v|tome|x s240 system was used to 
collect these CT data. Fossils were scanned using a nano-focus, 180kv x-ray tube which 
can reach a resolution below 10 micrometers. A 0.1mm copper filter was used for most 
scans. Scan data were then processed into stacks of TIFF files. The TIFF files were 
loaded into ImageJ software for initial inspection and AVIZO software (v 7) to produce 
3D rendered representations of fossils. Visibility of the VNG varied based on 
preservation of the maxilla, scan quality, deformation, and the extent to which matrix 
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  filled the nasal cavity. For a select few fossils, the VNG was visible in serial CT images 
and could be viewed using only ImageJ. For some specimens the 3D rendered image was 
the only way to definitively determine VNG presence. Many fossils, due to infill by 
matrix, required segmentation prior to the production of a 3D surface. Image 
segmentation was accomplished by loading the TIFF image stack into AVIZO and 
creating a label field using the image segmentation tool.  During this step of image 
processing, brightness and contrast of the scan images were adjusted to best discern bone 
from matrix. The label field that produced the best representation of bone without matrix 
or additional scan noise was then rendered as a surface using the “generate surface” tool. 
When necessary, extraneous material was removed using the surface view tools so that 
the region containing the VNG could be isolated. For many specimens, the VNG could be 
visualized at this stage.  
 A VNG was considered definitively present if an indented groove was found 
lateral to the midline of the palate, between the incisive foramina and the maxillary 
junction from which the vomer originates (Fig 3.1-3.6, 7.3). For some specimens, poor 
preservation, deformation, or matrix that could not be clearly differentiated from bone 
prevented definitive identification of the VNG (Table 7.1). 
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Figure 7. 3. Selected isolated palates (dorsal view onto floor of nasal cavity) from extant primates with bold white arrows pointing to 
the VNG. Figures A-D are strepsirhines while E-H are haplorhines. A – Microcebus, B – Hapalemur, C – Propithecus, D – Galago, E 
– Saguinus, F – Saimiri, G – Aotus, H – Cacajao. Palate sections not to scale.
	  	  
Table 7. 1. Fossils used in this analysis 
Taxon Catalogue Number VNG  
Plesiadapiformes 
  Pronothodectes gaoi UALVP 43098 Present 
Ignacius greybullianus USNM 421608 Present 
Adapiformes 
	   	  Adapis parisiensis QD84 Present 
Adapis parisiensis QD102a Incon 
Adapis parisiensis Q13 Incon 
Notharctus tenebrosus AMNH 131764 Present 
Mahgarita stevensi TMM 41578-9 Present 
Lemuriformes 
	   	  cf Palaeopropithecus ingens AMNH 93827 Incon-present? 
Archaeolemur majori AMNH 30007 Present 
Palaeopropithecus ingens AMNH 30013 Incon 
Megaladapis edwardsi AMNH 30024-A2 Present 
Omomyiformes 
	   	  Rooneyia viejaensis TMM 40688-7 Present 
Anthropoidea 
  Biretia megalopsis DPC 22279D Present 
Parapithecus grangeri DPC 18651 Present 
Proteopithecus sylviae CGM 42214 Incon 
Propliopithecoidea 
	   	  Aegyptopithecus zeuxis CGM 85785 Incon - present? 
Aegyptopithecus zeuxis CGM 40237 Incon - present? 
Saadanius hijazensis SGS -UM 2009-002 Incon -absent? 
Fossil taxa included in analysis, listed by evolutionary grouping. 'Present' indicates a 
VNG was confidently identified as a trough-like groove on the nasal floor. 'Absent' 
indicates VNG was confidently not identified. 'Incon' indicates that a VNG could not be 
confidently identified, but that due to deformation, scan resolution, or matrix in-fill the 
prenece of the VNG could not be confidently ruled out. Where VNG presence or absence 
was sorced as 'Incon' followed by a questioned presence or absence, evidence of a VNG 
(or no VNG) was not obvious outright but seemed likely.  
 
RESULTS 
 The VNG was found in several fossil taxa representing most primate clades. 
Unfortunately not all fossils that were observed retained a VNG, or were preserved such 
that VNG identification was definitive. Observations of the VNG are outlined below by 
taxonomic category. 
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  Plesiadapiformes 
 Two cranial specimens of plesiadapiforms maintained a maxilla with a 
presumably intact VNG, Pronothodectes gaoi and Ignacius graybullianus (Fig. 7.4 and 
7.5). Both specimens have indentations on the rostral portion of the maxilla that are 
consistent with the VNG of extant primates.  
Adapiformes 
 Three adapiform fossils showed evidence of the VNG, including Notharctus 
tenebrosus, Mahgarita stevensi, and several specimens of Adapis parisiensis (Fig. 
7.6A,B, 7.7, 7.8). The VNG of Notharctus was the most distinct, forming bilateral 
troughs on the nasal floor that were fairly elongate (Fig 7.6A,B). The VNG in Adapis 
parisiensis was less distinct, with the VNG representing more of a “scar” on the maxilla 
than a trough (Fig. 7.7). However the VNG is fairly elongate in A. parisiensis.  In 
Mahgarita the VNG is faint, distinguished by a slight indentation near the rostral portion 
of the maxilla at the midline (Fig. 7.8). 
Lemuriformes 
 Several subfossil lemur crania were scanned and observed in this analysis. Of the 
crania observed, Megaladapis and Archaeolemur had distinct VNGs, while presence of 
the VNG in cranial specimens of Palaeopropithecus were inconclusive (Fig. 7.9, 7.10). 
In Megaladapis and Archaeolemur majori the VNG was observed as a shallow “scar” on 
the palate, and the VNG in Megaladapis is relatively long. 
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Figure 7. 4. Isolated palate (dorsal view onto nasal floor) of Pronothodectes gaoi 
(UALVP 43098). White arrows point to the lateral outline of the VNG. 
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Figure 7. 5. Isolated palate (dorsal view looking onto the rostral nasal floor) of Ignacius 
graybullianus (USNM 421608). The VNG is viewed bilaterally. White arrows point to 
the lateral outline of the VNG.
203
 Figure 7. 6. View of the VNG in the partial cranium of Notharctus tenebrosus (AMNH 131764) (A) and isolated palate (dorsal view 
looking onto the nasal floor) (B) highlighting the VNG. A shows the bilateral VNG in the nasal cavity (black arrows), while B shows 
white arrows pointing to the lateral outline of the VNG. 	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Figure 7. 7. Isolated partial palate (dorsal view looking onto the nasal floor) of Adapis 
parisiensis (QD 84). White arrows point to the lateral outline of the VNG and the midline 
of the maxilla.
	  	  
Figure 7. 8. Isolated palate (rostal view looking onto nasal floor) of Mahgarita stevensi 
(TMM 41578-9). The VNG is viewed on one side of the maxilla. White arrows point to 
the lateral outline of the VNG.
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Figure 7. 9. Isolated palate (rostro-dorsal view of nasal floor) of Megaladapis edwardsi 
(AMNH 30024-A2). The VNG is viewed bilaterally on the maxilla. White arrows point 
to the lateral outline of the VNG.
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Figure 7. 10. Isolated palate (dorsal view looking onto nasal floor) of Archaeolemur 
majori (AMNH 30007). The VNG is viewed bilaterally on the maxilla. White arrows 
point to the lateral outline of the VNG.
208
	  Omomyiformes 
 One omomyiform was included in this analysis. The cranium of Rooneyia 
viejaensis is well-preserved and appears to display bilateral VNGs, though the nasal 
cavity is filled in with matrix. In Rooneyia the VNG is relatively short (Fig. 7.11A,B).  
Anthropoidea 
 Several basal anthropoids representing Proteopithecidae and Parapithecidae were 
available for analysis. Unfortunately the cranium of Proteopithecus was so filled in with 
matrix that presence or absence of the VNG could not be confirmed. However two 
parapithecids, Parapithecus and Biretia, do appear to present relatively short VNGs. A 
maxilla belonging to Biretia reveals a clear, though diminutive, VNG (Fig. 7.12A,B). 
Parapithecus also appears to have a VNG, though it is faint (Fig. 7.13). 
Platyrrhini 
 Serial scan images of the nasal cavity of Homunculus patagonicus were available 
for analysis. A clear groove was observed bilaterally on the maxilla for this specimen, 
found as deep concave depressions on the maxilla just lateral to the midline (Fig. 7.14).  
Propliopithecoidea 
 Several specimens of Aegyptopithecus zeuxis were available for analysis. In both 
nearly complete cranial specimens, inspection of serial CT scans indicates a small groove 
on the maxilla (Fig. 7.15A,B). On an isolated maxilla the presumed VNG is also 
relatively short, and is formed as a faint “scar” rather than a distinct groove. 
 The fossil cranium of Saadanius was filled with matrix, especially in the nasal 
fossa, making interpretations of VNG presence or absence difficult. Initial interpretations 
upon viewing the scans of Saadanius suggest that the VNG is absent in this fossil, 
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  however, the difficult nature of distinguishing matrix from bone prevents definitively 
claiming no VNG. 
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Figure 7. 11. CT scan showing the nasal cavity in paracoronal orientation (A) and 3D reconstruction of the isolated palate (rostro-
dorsal view looking onto the nasal floor) (B) of Rooneyia viejaensis (TMM 40688-7) showing the VNG. A shows the VNG in the left 
side of the maxilla (white arrow). B shows the left side of the VNG with white arrows highlighting the lateral outline.
	  Figure 7. 12. Two views of the isolated partial maxilla of Biretia megalopsis (DPC 22279D). A shows the maxilla in a rostro-dorsal 
view looking onto the nasal floor, while B shows the maxilla in a straight-on rostal view.White arrows point to the VNG.
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Figure 7. 13. CT scan showing the nasal cavity in paracoronal orientation of 
Parapithecus grangeri (DPC 18651). White arrow points to the VNG on the left side of 
the maxilla. Inset image is magnification of the VNG.
	  	  
Figure 7. 14. CT scan showing the nasal cavity in paracoronal orientation of Homunculus 
patagonicus. White arrow points to the VNG on the left side of the maxilla.
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Figure 7. 15. CT scans showing the nasal cavity in paracoronal orientation of two individuals classified as Aegyptopithecus zeuxis 
showing the VNG. A shows the VNG in CGM-8578 and B shows the VNG in CGM 40237 (white arrows).
	   
DISCUSSION 
 This study confirms, for the first time in primates, an osteological feature 
intimately associated with the VNO in extinct taxa. The VNG is present in archaic stem 
primates, stem strepsirhines and haplorhines, as well as early anthropoids and stem 
catarrhines. The presence of the VNG in these fossils representing various stages of 
primate evolution confirms that a VNO was indeed present in the common ancestor of 
primates and was only lost relatively recently, most likely in advanced stem or even 
crown catarrhines. 
 The distinct VNG in plesiadapiforms confirms the presence of a VNO, and likely 
a fully functional vomeronasal system, in archaic primates. This result it not surprising 
given the retention of the VNO in extant strepsirhines, tarsiers, and platyrrhines. 
Additionally, some studies on plesiadapiform crania have revealed relatively large 
olfactory bulbs, which would be expected in fairly macrosmatic mammals (Silcox et al., 
2009; Silcox et al., 2010). While no published works have explored the orientation of the 
nasolacrimal duct in plesiadapiforms, it is likely they had the primitive oblique 
orientation associated with a wet rhinarium, given the presence of the VNG. Future 
studies would certainly benefit from investigating this hypothesis.  
 The presence of the VNG in adapiforms should also not be surprising, given the 
interpretation of this group as basal to strepsirhines. Other evidence suggests that 
olfaction was well-developed in adapiform primates. Olfactory bulb size was relatively 
large, resembling the condition in insectivores and extant strepsirhines (Gingerich and 
Martin, 1981; Gurche, 1982; Takai et al., 2003). In Adapis, the nasolacrimal duct is 
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  obliquely oriented, suggesting that this genus had a wet rhinarium, which is almost 
certainly the primitive condition in primates (Tabuce et al., 2009). The very distinct and 
elongated VNG in Notharctus indicates that the VNO was probably well-developed, 
potentially resembling nocturnal strepsirhines.  Overall it is likely that the adapiforms 
resembled modern strepsirhines in their reliance on olfaction given the anatomical 
evidence.  More recently extinct strepsirhines, the subfossil lemurs, also preserve the 
VNG. 
 The VNG, and thus the VNO, is also present in the omomyiform. While there is 
some debate regarding the taxonomic placement of this group relative to other primates, 
the general consensus is that they represent a stem haplorhine lineage.  Omomyiforms 
should therefore share more traits in common with tarsiiforms and anthropoids, but they 
are likely to retain some primitive traits as well. The presence of the VNG in Rooneyia is 
not surprising, since tarsiers and platyrrhines still retain the VNO. In this fossil the VNG 
is relatively short, which is the general condition found in most haplorhines, but also 
diurnal strepsirhines. Interestingly, detailed observations on the internal cranial anatomy 
of Rooneyia viejaensis suggest that this species retained some primitive traits regarding 
olfaction. Relative olfactory bulb volume of Rooneyia falls within the range of some 
diurnal strepsirhines (primarily indriids) and Aotus, implying that olfaction was important 
for this species but that it was not derived in the direction of the nocturnal strepsirhines 
(Kirk et al., 2014). Additionally the cranium of Rooneyia shows evidence of an obliquely 
oriented nasolacrimal duct, indicating a wet rhinarium (Kirk et al., 2014). The omomyid 
Microchoerus also appears to have an obliquely oriented nasolacrimal duct, which could 
indicate that stem haplorhines had not yet undergone the extensive reorganization of the 
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  VNO-wet rhinarum complex which characterizes crown taxa (Tabuce et al., 2009) see 
also (Rossie et al., 2006).  
 As might be predicted, the VNG is present but variable in stem and crown 
anthropoids. In Biretia the VNG is clearly present and is relatively small compared to the 
rest of the maxilla. It also appears to be relatively short in Parapithecus, though matrix 
filling in the nasal cavity hinders 3D reconstruction of the palate that would enable 
visualizing the full length of the VNG. The Miocene platyrrhine genus, Homunculus, 
appears to have a well-developed VNG based on the available specimen. The VNG in 
Homunculus resembles that of some extant platyrrhines, including Cebus, Saimiri, and 
Ateles (Fig. 3.5, 3.6).   
 The genus Aegyptopithecus is considered an Oligocene stem catarrhine. This 
genus displays several primitive characteristics of other anthropoids along with derived 
features of the catarrhines as well. Inspection of CT scans of several Aegyptopithecus 
specimens reveals the likely presence of a VNG. Previous analyses have revealed 
relatively large olfactory bulbs in Aegyptopithecus, as well as the presence of an 
atrioturbinal ridge, which is related to directing chemical stimuli to the VNO in other 
primates (Rossie, 2005; Simons et al., 2007). All of these traits taken together support the 
idea that the observed morphology is in fact a VNG. The VNG appears to be relatively 
short and is represented by a shallow indentation along the maxillary midline that is 
reminiscent of some platyrrhines such as Callicebus and Alouatta (Fig. 3.6). It is likely 
that stem catarrhines, such as Aegyptopithecus, may have retained the VNG in a state 
similar to what is found in extant platyrrhines. Whether or not it would have been 
functional is uncertain, especially given variability in the VNO in extant callitrichines 
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  (Smith et al., 2011a; Smith et al., 2011b). Crown catarrhines do retain a small number of 
functional V1R genes, which could be a remnant from a more recent common ancestor 
that still maintained some VNS functionality (Zhang and Webb, 2003; Mundy, 2006; 
Young et al., 2010; Yoder et al., 2014). 
 Unfortunately, no fossil hominoids were available for analysis. Living apes do 
occasionally present a vestigial, though non-functional VNO that is superiorly displaced 
in the nasal cavity. Therefore apes do not present a VNG similar to the non-catarrhine 
primates, but they do present what may be the primitive condition for crown catarrhines. 
It would be illuminating to look at early hominoid crania for evidence of VNG reduction 
or absence.  
 The advanced stem catarrhine, Saadanius, was observed for this study but results 
were inconclusive. The nasal cavity of Saadanius is filled in with matrix, which is 
difficult to segment out without sacrificing the morphology of the maxilla. Preliminary 
observations revealed that a VNG is unlikely, however the material does not allow a 
definitive conclusion. Interestingly, though not surprising, observations of the nasal 
cavity in Victoriapithecus also fail to identify the VNG (L. Gonzalez, personal 
communication). If the VNG is in fact absent in Saadanius, this provides evidence that 
the VNG was maintained in early stem catarrhines but was lost in more derived advanced 
stem catarrhines. Absence of the VNG is likely a synapomorphy of crown catarrhines. 
 Based on the results of this study, the hypothesis that vomeronasal olfaction was 
reduced in the primate order relative to other mammals should be rejected. The VNG is 
present in archaic primates as well as stem and crown euprimates, suggesting a functional 
vomeronasal system is primitive for this order. Studies of olfactory bulb volume in fossil 
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  taxa also reveal no strong evidence for the reduced importance of olfaction in early 
primate evolution (Gingerich and Martin, 1981; Gurche, 1982; Silcox et al., 2009; Silcox 
et al., 2010; Heritage, 2014; Kirk et al., 2014). Additionally, Young et al. (2010) 
reconstructed the number of functional V1R genes that would have been present in 
mammalian clades and concluded that primates retained the primitive number of such 
genes for mammals.  
 Both genetic and morphological data on extant primates suggest that there was 
reduced reliance on vomeronasal-mediated olfaction in haplorhines, and especially 
anthropoids. However, data from fossils cannot currently accept or reject that hypothesis. 
Quantitative observations on the VNG in adapiforms and omymyiforms reveal few major 
differences between these clades. In fact, variation in the VNG of living primates exhibits 
extensive overlap between diurnal strepsirhines and haplorhines. Phylogenetic analysis of 
variance tests revealed no significant difference between size-adjusted VNG length in 
strepsirhines and haplorhines (this study – Chapter 5). The especially elongated VNGs in 
cheirogaleids are probably derived, so the primitive condition for VNG length in primates 
probably resembles that of the lorisoids, diurnal lemuriforms, tarsiers, and possibly some 
platyrrhines. Thus there is little evidence for any drastic change in the omomyiforms 
studied in this analysis. The findings of Tabuce et al. (2009) and Kirk et al. (2014) that 
some omomyiforms retained a wet rhinarium may indicate that true VNO reduction did 
not occur until the evolution of crown haplorhines. Rossie et al. (2006) also suggested 
similar conclusions based on infraorbital foramen size. 
 It is also unclear based on VNG data from fossils if there was any major reduction 
in vomeronasal-mediated olfaction in early anthropoids. While the stem anthropoids 
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  Biretia and Parapithecus do indeed have small VNGs, variation is likely for this clade. 
The crown platyrrhine fossil Homunculus possesses a well-developed VNG on the 
maxilla, which likely indicates a functional VNO. However the extent to which the main 
olfactory system and VNS mediate olfaction in platyrrhines may vary (Kelliher, 2007). 
The likely presence of a VNG in Aegyptopithecus is probably the most interesting result 
pertaining to sensory evolution in primates. Aegyptopithecus zeuxis is reconstructed as a 
highly sexually dimorphic species, and interpretations of the size of the visual cortex 
from endocasts suggests that this species may have had relatively high visual acuity 
(Simons et al., 2007). Such traits might be associated with a greater reliance on visual 
signaling as is inferred in extant catarrhines. While predictions of sensory behavior based 
on the presence of the VNG are limited, a living analogue of Aegyptopithecus may be 
platyrrhine genera such as Alouatta. Either the VNO was retained and was functional in 
communication along with visual signals, or as in other platyrrhines the VNO was 
retained but was no longer functional. In either case, the condition of the VNG in 
Aegyptopithecus may be evidence of the various stages the VNO went through if there 
was indeed relaxed selection on the VNS.  If the VNG is indeed absent in Saadanius, it 
indicates that reliance on the VNS was no longer important in the advanced stem 
catarrhines. Analyses of more fossils of both early and advanced stem catarrhines are 
needed to further test this hypothesis.
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Figure 7. 16. Cladogram showing extant and fossil primates. 1-3 represent events in 
which major changes in olfactory evolution are hypothesized to occur based on findings 
from this study. 1 – loss of the VNO-wet rhinarium complex in crown haplorhines. 2 – 
loss of adult VNO with occasional vestigial VNO expresed in advanced stem or early 
crown catarrhines. 3 – autapomorphic loss of all components of an adult VNS in crown 
cercopithecoids. 	  
 Observations that the VNG is widely present in extinct primates, and that there is 
substantial overlap in VNG length in strepsirhines and haplorhines suggests that this is a 
poor character to include in phylogenetic assessments. One reason for this may be that 
the VNS is strongly affected by selection, at least in extant strepsirhines and possibly for 
many stem euprimates. Phylogenetic signal is relatively weak in analyses of the VNG in 
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  strepsirhines (This study, Chapter 5) and only becomes stronger in extant haplorhines, 
presumably when selection on the VNS is relaxed and associated traits are more likely to 
be affected by drift. Even in taxa where selection may not influence the VNG heavily, it 
is difficult to discern the more diurnal strepsirhines from most haplorhines. The only 
instance in which the character state of the VNG may be informative for phylogenetic 
purposes is when distinguishing crown from earlier stem catarrhines, as the VNG should 
be completely absent in crown catarrhines. It seems that VNG length relative to body size 
may indicate more information about the ecology and behavior of extinct primates than 
phylogeny.  
 The most relevant finding from this study is that the VNG is present in some 
fossil cranial remains, providing clear evidence of a VNO in extinct taxa. The ability to 
determine if a VNO was present in extinct primates, and perhaps other mammals, will 
surely be important in understanding sensory adaptations throughout mammalian and 
primate evolution. For instance, the VNG may be a useful trait for documenting 
evolutionary changes in the VNO in bats and cetaceans, taxa that have also reduced or 
lost the VNS entirely. The VNG will also be a tool in understanding the sensory ecology 
of extinct taxa, especially in combination with other features related to sensory anatomy. 
Especially elongated VNGs may help differentiate nocturnal, dispersed species from 
those that are diurnal and more gregarious. Presence or absence of the VNG is also likely 
to be associated with orientation of the nasolacrimal duct, a feature that can be observed 
in some fossils, as well as the presence or absence of an atrioturbinal ridge. Further 
studies of this feature, as well as those quantifying VNG length, will provide a more 
complete picture of extinct mammals and the environments to which they were adapted.  
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SUMMARY AND CONCLUSIONS 
 Results from this study support the conclusion that the VNG is a suitable trait to 
understand VNS evolution in extinct taxa, as it relates strongly to the soft tissue VNO and 
is indeed preserved in fossils. The VNG, when it can be reliably observed in fossils, 
appears to have been ubiquitous in most phylogenetic groups. Evidence of the VNG is 
present in plesiadapiforms, adapiforms, omomyiforms, and most anthropoids including 
stem catarrhines. While the presence of a VNG could not be confirmed nor rejected in the 
advanced stem catarrhine, Saadanius, it is likely that VNO loss did not occur until the 
evolution of advanced stem or crown catarrhines. Future analyses will benefit from 
observing more catarrhine, and especially hominoid, fossils. 
 The presence of the VNG ranging from archaic primates to stem catarrhines 
provides evidence to reject the hypothesis that olfaction became less important in the 
primate order (Fig. 7.16). The VNG, and possibly a functional VNS, may have been 
maintained well into the anthropoid lineage. Relative size of the VNG is not a good 
feature for distinguishing haplorhines from strepsirhines, thus quantitative analyses on 
VNG length may not reveal evidence for relaxed selection on the VNS in fossils. The 
absence of the VNG in Saadanius and possibly Victoriapithecus could confirm that a 
heavier reliance on vision and main olfaction replaced vomeronasal olfaction in later 
catarrhines. Based on the overlap in VNG dimensions in strepsirhines and haplorhines 
this trait is probably not a useful characteristic when determining phylogeny, but it will 
be useful in making inferences about the sensory ecology of extinct primates. 
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  CHAPTER 8: CONCLUSIONS AND FURTHER DIRECTIONS 
 The primary purpose of this dissertation was to identify an osteological correlate 
of the vomeronasal organ (VNO) in order to understand diversity of the vomeronasal 
system (VNS) in extant primates and test the hypothesis that a trade-off between 
olfaction and vision has occurred in primate evolution by examining fossils. These goals 
were accomplished.   
 An osteological correlate of the VNO was found in the form of the vomeronasal 
groove (VNG) across primates (Chapter 3, Smith et al. 2011b, Garrett et al., 2013). The 
length of the VNO (and by extension VNG) when adjusted for body size has a 
statistically significant and positive relationship with the proportion of intact vomeronasal 
receptor encoding genes across mammals, offering compelling evidence that VNG length 
is a proxy for olfactory abilities (Chapter 4, Garrett and Steiper 2014). Given the large 
amount of evidence that the VNS mediates reproductive behaviors (Dulac and Axel, 
1995; Aujard, 1997; Firestein, 2001; Stowers et al., 2002; Takami, 2002; Chamero et al., 
2007; Isogai et al., 2011; Ibarra-Soria et al., 2013), it was interesting to see that size-
adjusted VNG length was significantly affected by mating systems in strepsirhines, but 
not haplorhines (Chapter 5). The primary factor mediating changes in VNG length in 
haplorhines appears to be the acquisition of routine trichromatic color vision, such that 
trichromats have reduced VNGs compared to all other color vision phenotypes (Chapters 
5, 6). This supports the sensory trade-off hypothesis in that the primates with the most 
specialized visual systems have lost the primary components of the VNS. However, 
findings from this study indicate that olfaction as a whole may not have been “reduced” 
because of enhanced vision; rather the roles of the VNS may have been reallocated to the 
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  main olfactory system and vision in catarrhine primates (Chapter 6). Finally, the VNG 
was observed in fossils spanning the major radiations in primate evolution. The presence 
of a VNG in most fossil taxa studied indicates that a trade-off between vision and smell 
early in primate evolution must be rejected, and that the VNS may have only been 
recently lost after the divergence of crown catarrhines from other anthropoids (Chapter 
7). Taken together, results from this dissertation indicate that there was no strict trade-off 
between vision and olfaction in primates as an order, but several appear to have occurred 
between the VNS and visual system at different phylogenetic levels (Fig. 8.1).  
 
	  
Figure 8. 1. Revised evolutionary predictions for sensory trade-off in primate evolution 
based on the results of this study. 1 – initial relaxation of selection pressure on the VNS 
in haplorhines. 2 – further relaxation of selection pressure on the VNS in catarrhines, 
possibly related to routine trichromacy. 3 – Autapomorphic loss of the VNS in 
cercopithecoids. 
	  	   
 The VNS and MOS were probably well-developed early in primate evolution, and 
the VNS underwent relaxed selection sometime after the strepsirhine-haplorhine 
divergence (Martin, 1990; Matsui et al., 2010; Young et al., 2010; Hohenbrink et al., 
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  2013; Yoder et al., 2014). Diurnality, gregarious social groups, and higher visual acuity 
may have allowed haplorhines (and anthropoids in particular) to invest more in a well-
developed visual system at the expense of the VNS. Proliferation of cones for better 
spatial resolution would have placed an energetic burden on maintaining two olfactory 
systems, rendering the VNS redundant (Niven and Laughlin, 2008; Okawa et al., 2008). 
The evolution of male trichromatic color vision in catarrhine primates would have 
allowed greater mate recognition via visual cues, and the VNS may have been lost in this 
group because it had no independent benefit that could not be achieved through the visual 
or main olfactory systems (Fig. 8.1).  
 Research devoted to primate olfaction has lagged behind that of the other senses, 
but is quickly gaining speed. A special issue of the American Journal of Primatology in 
2006 was devoted to olfaction as the “neglected” sense (Heymann, 2006a). Within the 
last months leading up to the defense of this dissertation, two special journal issues were 
published that focused on nasal anatomy (Laitman and Albertine, 2014) and olfaction in 
behavior (Drea, 2014). There are still many unanswered questions regarding primate 
olfaction, which makes this an exciting area of research. 
 The differential roles of the main and vomeronasal systems in mediating primate 
behavior are not completely understood, but the distinction is probably vital for 
understanding VNS loss in catarrhines. Both the MOS and VNS can perform similar 
functions (such as pheromone detection) (Wysocki and Preti, 2004; Baxi et al., 2006; 
Kelliher, 2007; Martínez-García et al., 2009; Charpentier et al., 2013; Fortes-Marco et al., 
2013; Hohenbrink et al., 2014), but that VNS loss is rare within mammals, which implies 
that the VNS has some important - and distinct- biological roles. Primates are not a 
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  suitable model for experimental procedures that might be able to parse out the 
involvement of the VNO and MOS in detecting and responding to odorants, so direct 
functional questions may not be plausible to answer. However, comparative genomics 
may be an excellent way to address these kinds of questions. There currently is not much 
information on the relationship between olfactory receptor (OR) and vomeronasal 
receptor (VR) genes and chemosensory behavior, but it is reasonable to infer that larger 
gene repertoires translate to greater olfactory abilities. Data on the OR and VR genes 
exist for many primates across the order, but there are still significant gaps in taxonomic 
sampling (Firestein, 2001; Young and Trask, 2002; Gilad et al., 2004; Grus et al., 2005; 
Mundy, 2006; Grus et al., 2007; Nozawa et al., 2007; Go and Niimura, 2008; Nei et al., 
2008; Hayden et al., 2010; Matsui et al., 2010; Young et al., 2010; Yoder et al., 2014). 
Platyrrhines, for instance, are poorly represented in OR and VR studies, yet this may be 
crucial because platyrrhines may exhibit phenotypes of the VNS that are similar to what 
was present in the common ancestor of catarrhines. Many platyrrhines exhibit excellent 
olfactory adaptations and mediate social behavior through pheromone-like signaling, but 
some species may do this without a functional VNO (Smith et al., 2011a; Smith et al., 
2011b). It will be very revealing to see how VR gene numbers vary across platyrrhines. It 
will also be illuminating to compare OR repertoires to VR repertoires across a large 
sample of primates to determine whether or not there was a uniform increase in 
pseudogenes in haplorhines (i.e., did both OR and VR become non-functional at the same 
rate at the same time?), or if VR genes became pseudogenized at a greater rate while OR 
genes remained fairly stable. Additionally, if the MOS in haplorhines has taken over 
functional roles of the VNS, it would be interesting to test whether certain OR gene 
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  families have expanded in this suborder. Advances in genomics, and high-quality 
sequencing of more species, will soon allow these types of questions to be answered. 
 Genomic and possibly anatomical data may also allow researchers to address 
questions regarding the role of the two olfactory systems in different levels of sociality. A 
fascinating finding from this dissertation was the extremely long VNO in cheirogaleids, 
particularly Microcebus.  This feature was strongly related to a dispersed promiscuous 
mating system, which is perhaps in turn related to the distribution of individuals. Mouse 
lemurs are generally solitary (although there is certainly variation) and may be more 
reliant on sensory systems that can determine important socioecological information 
without prior experience with other individuals. The VNS is very good at detecting and 
mediating responses to unfamiliar odors (Martínez-García et al., 2009; Fortes-Marco et 
al., 2013), thus non-gregarious, dispersed species may rely more heavily on this system.  
Montague et al. (2014) recently demonstrated that felids, which are generally solitary, 
have proportionally more intact V1R genes while canids, which are generally social, have 
more intact OR genes. Social animals that have more frequent contact with other 
individuals (and their body odors) may be able to encode most socially relevant 
information via the main olfactory system. Whether there are inverse relationships 
between VR genes and OR genes in solitary vs social animals would be a fascinating 
avenue of research. 
 An unfortunate gap in this dissertation was in the absence of stem hominoids from 
the survey on VNG presence in fossils. Hominoids occasionally express a vestigial VNO, 
while cercopithecoids have lost this feature entirely. I hypothesize that the hominoid last 
common ancestor would have retained a VNO, perhaps resembling the state of the organ 
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  in platyrrhines. A VNG is present in Aeygyptopithecus fossils, which are basal 
catarrhines, so it is possible that a VNG was present well into the early hominoid lineage. 
Future studies should also include other advanced stem or early crown catarrhines to 
confirm whether or not VNG loss is a synapomorphy of this clade. Further research into 
the ecology of these fossils will be important to understand how potential changes in 
environment and substrate use would have affected signal quality and sensory system 
adaptations.  
 While primates were the focus of this dissertation, the research questions and 
methods could be applied to a broad range of mammals. Some bats and cetaceans have 
also undergone extreme reduction of the VNS in their evolutionary history, and the VNG 
may be an excellent trait to investigate in their available fossil records. Rowe et al. (2011) 
suggested that expansion of olfactory regions in the brain drove encephalization in early 
mammals, and it would be interesting to see if there is similar evidence on selection for 
the VNG. There is still much to understand about the role of olfaction in mammalian 
biology, and integrating comparative morphology, genomics, behavior, and paleontology 
will be an excellent way to approach these questions. 
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